US007965217B2
a2y United States Patent (10) Patent No.: US 7,965,217 B2
Murden et al. 45) Date of Patent: Jun. 21, 2011
(54) APPARATUS AND METHOD FOR PIPELINED 7,551,115 B2* 6/2009 Baileyetal. ................. 341/161
ANALOG TO DIGITAL, CONVERSION 7,561,095 B2* 7/2009 Sasakietal. .................. 341/161
7,570,082 B2 8/2009 Gebara et al.
_ : : 7,646,324 B2* 1/2010 Matsubayashi ............... 341/161
(75) Inventors: Franklin Murden, Roan Mﬁountauilj TN 2009/0153196 Al 62009 Gehara of al
(US); Scott G. Bardsley, Gibsonville,
NC (US); Peter R. Derounian, OTHER PUBLICATIONS

Greensboro, NC (US) Taherzadeh-Sani et al., “Digital Background Calibration of Capaci-

(73) Assignee: Analog Devices, Inc., Norwood, MA tor-Mismatch Errors in Pipelined ADCs,” IEEE Transactions on Cir-
) e .3 v

(US) cuits and Systems—II: Express Briefs, Sep. 2006, pp. 966-970, vol.
53, No. 9.

(*) Notice: Subject to any disclaimer, the term of this Max.im,.Understanding Pipelined ADC’s, available at http://www.
patent is extended or adjusted under 35 maxim-ic.com/appnotes.cim/appnote _number/1023/, pp. 1-6, Oct.

U.S.C. 154(b) by 0 days. 2, 2001 o
Office Action dated Nov. 16, 2010, received in U.S. Appl. No.
(21) Appl. No.: 12/578,076 12/578,057.

*cited b ‘
(22) Filed: Oct. 13, 2009 ciled by examiner

Primary Examiner — Khai M Nguyen

(65) Prior Publication lata (74) Attorney, Agent, or Firm — Knobbe Martens Olson &
US 2011/0084860 A1l Apr. 14, 2011 Bear LLP
(51) Imt. Cl. (57) ABSTRACT
HOSM 1/35 (2006.01) Apparatus and methods for pipelined analog-to-digital con-
(52) U..S. Cl. ... o 341/161; 341/162;341/172 version are disclosed. In some embodiments, a pipelined
(58) Field of 'Clifl‘SSlﬁcathn Search ............... 341/161 analog_to_digital converter 1ncludes a control and correction
See application file for complete search history. circuit; and a plurality of MDAC stages. At least one of the
_ MDAC stages includes: an MDAC input to receive an analog
(56) References Cited input voltage; and a dual latch flash ADC comprising one or

more dual latch comparators. At least one of the dual latch
U.S. PALENT DOCUMENTS comparators 1includes: a pre-amplifier having an 1nput

4,779,059 A 10/1988 Taki et al. coupled to the MDAC input, and an output; a demultiplexer
5,035,957 A 6/1997 Lim et al. having an input coupled to the output of the pre-amplifier, a

6,259,392 B 7/2001 Chou et al. : :

6:3 66:230 R1  4/2002 thlllge ; A first output, and a second output; a first lgtch having an input
6,756,929 Bl 6/2004 Alj coupled to the first output of the demultiplexer, wherein the
6,822,601 B1  11/2004 Liu et al. first latch may generate a first digital signal; and a second
6,861,969 B1*  3/2005 All ..o 341/161 latch having an input coupled to the second output of the

0,876,318 B2 4/2005 Mulder et al.

7.106.106 B2 9/2006 Hughes demultiplexer, wherein the second latch may generate a sec-

7,265,703 B2* 9/2007 Sasakietal. ... 341/161  ond digital signal.
7,397,409 B2 7/2008 Jeon et al.
7,456,775 B2* 11/2008 Chen .....ccccoovvveveevnennnnnn. 341/161 26 Claims, 19 Drawing Sheets
A0 /M
N-bit Dual Latch I7r5 Dernux
Flash ADC L - Control
(n Dual-Latch : MUx 1777/ Comx
comparators) "Dy CLK
Fre-amplifier 1713 T
' ~ Control and Correction Logic PRl
First Di
1117 Lateh ¢
1" G D_p__>— Demux
c VREFI /r.—"f;"ﬂﬁ'
amp -
¥ Second Dib
1740 ' 1720 ] Latch ‘
Analog , N2 l /130
Vi & N ; Delay Capacitor Block , > | N3 V, | l
i-th Dual Latch Comparator CLK

> "/ SWI
ADC CLK



US 7,965,217 B2

(14Y/ 4014 ])
“1 d1 Old

Sheet 1 0of 19
-
O
.QA
N
Q
+

avd —A

JAY

~ }
~ )

pe)

oo

Jun. 21, 2011

U.S. Patent

G0 UO1]I2.4407) PUD JOLJUOT)

'a
MH 1
[ 25D)G
W

011"

(14Y/ 1014 ])
Vi Ol

AN

a0/



US 7,965,217 B2

x Y10 Oav
INS <
OMS \ =
o i
m Y20]g 407190¢D") m
1710 4 | . A_ | L9 SN | IN ut,
® o— * ® ° | ® <]
) N 067 N | / m
o | N\S% _
= ) B AN m
| 7MS4 MS. |
= “ ¢ ¢ “
o = ZIMIA| — = LA
A A T |
_ 022 i .
= “ OV YSP[4 -] “
g _ _ _
- _ — _
~ P QN\NV “
) 0 | |
= d | r |
E JISOT UOI2LIOT) PUD JOLJUOY) . “ i
N | Ziz m
| Ccic |
L h
0/
OVAW #9 |
(1Y 4014)

00¢ ‘\N Q\ R\

U.S. Patent
X



U.S. Patent Jun. 21, 2011 Sheet 3 of 19 US 7,965,217 B2

FIG. 2B
(Prior Art)



U.S. Patent Jun. 21, 2011 Sheet 4 of 19 US 7,965,217 B2

217
Pre-amplifier
FIG. 5A \/\
(Prior Art)
'
270 IO
Vin® > Latch Vour
- Vours
A
272 CLK

330

CURRENT MIRROR

®—| ATRI ATRZ

A

r-----~ -~~~ -—--—"===-""="=="-="-""="="""="="""="=""""""""""""""

Pre-Amplifier

FIG. 5B
(Prior Art)




US 7,965,217 B2

Sheet S 0of 19

Jun. 21, 2011

U.S. Patent

XKL/

f ﬁ

PI°H
rd

4

{

|
|
|

|

|

GUIDS
sd

/

OO

; /

- PH
Zd

poLag

101 DIUIFAL

!

/

ajquIDg
[d

XXX

/

i
|

|

— — —

_

210

10]D1pGUI0")

X' 1004V

y Il



US 7,965,217 B2

Sheet 6 0of 19

Jun. 21, 2011

U.S. Patent

Y10 0dV
oMs /. = ) i
Yo0Jg £03190¢D") m
_
10, 1 A_ . . R_V . s : “ ] Ny
N 085G N _ \. | gojpuy
MS
] AN A o
duip 7 7MS JMS4 m
® L |
_
ZATIN [ATIN m
e = F .
ges " L 0qy Yol #g-f puz
| — _
NEOT U01I2LI0) PUP JOLJUOT)  — ‘ “ T
. | } “
o - a—
AL i
— 9015~
- | DQV YT HgT ST
s15- “ = |
| |
_ _
| 1 |
4 o <7
ozss L TS L“
bl OVaW 19 [ o015-"



US 7,965,217 B2

qs Old

U.S. Patent

| | |
- ] 7
_m T A N s % \
OO0 OO0
1 !

_ —* . A \
= [ OO —————XXX
W mu mm mx G muN Nm Q QN

- e .- u . - - .- -

_ §d _ Ld _ 9d _ d _ rd ¢d (d [d

B 31942 ¥20]2 [ -

10

10JD1DGUI07)

DUL0IIQ

10]D10GuI0")
754

X110 0oav



US 7,965,217 B2

Sheet 8 0f 19

Jun. 21, 2011

U.S. Patent

V9 Old

oM /.

110 4 :

EN

V%

0%

ms /-

Y20)¢] 1031DG4D")

¥207q 10]120¢DI-GNG Y1-U

(A4

¥20]q L0J10D¢DI-gNG Y-
VA4

Yo01q 107190GDI-gng pIg
A4S

059 -

|
Q\EH.D

CHON

DGO U011224407) PUD JOL]UO")

(N

¥20]q 10]19DGDI-gng puz
A

ocYd

Y20]1q L0719DGDI-gNG 18]

A

[4ON

Apjo(T

Fojpuy

ory

X'100dV
<

(40104011100 11)

XN

c/9-"

ovadn g u

oAV 45P[4
71G-N] PU0IFS

019"

(S40]D4DG1100 U)

AV 1P
FHN 1540

o019




U.S. Patent Jun. 21, 2011 Sheet 9 of 19 US 7,965,217 B2

+ COM]I
REF]

+ COM?Z
REFZ

DI

Dz

D3

Di

Dn

r——""" " """ " """ T "7
S
| | v 1 1

O
e | S
S

L e ]

'

NI 9
AN
Vin FIG. 6B
526’\'
Di
r-------~~-----n---m,m0-----mnmv~--———="""—""="—""="""""=— )
+VREF VREF
rswi; | | rswe,
SW2 . \* . -—\
NQBZ : / ) . | i : NC.?BZ
C.
i-th Sub-Capacitor Block



US 7,965,217 B2

Sheet 10 0of 19

Jun. 21, 2011

U.S. Patent

. oadV ¥50[4
w\R Q\ RN 71G-N] U022
S
077/ 90/L u f ey
Y20]1q 10]19DgD") PUOIFS
3 - 201G 10]19DFDI-q
w@%N TIMS N | 2019 : gng _ |
IMSS H e —
® \o . .WGQ\Q 100100 Q.u-mﬁ % e ®
i \\ AI [TEON
= = 7T ¥20)q 10319DGDI-gNg _
JOMS
. % UN
N !
N ] _ o 1| 137]04JU07) Uil | 4
g 224 N Y10 0av
7i94
| =
JLip o PIMS ../1. J20]q %mﬁm&%-ﬂm q
-«\o ¢ \‘ o20]q kQN.NbﬁﬂQQIQn Ay /l_. ¢
IMSS CHON ~ IGON
9201 1001007 1811 ¥20]q 10319DJDI-GNg
Clct
AN ux g
\i VAW 1iq-U TV YSoI]
v ool | PN




US 7,965,217 B2

Sheet 11 of 19

Jun. 21, 2011

U.S. Patent

0

74a/sup

[ XXX

XXX
XXX

XX

[La/supjopLgng
)
0000
X0
G0 & g [0 10y 0
_ L L L _
K fd U Id
N 21942 y20)2 [ -

dL Ol

no

Yo0](] 10719D¢D")

U0

AV 43P]d
PUOIIG

Yo0]¢ 10719DGD")

s41]

OaV 474
811

X0 odv



§ Ild

US 7,965,217 B2

\“ ) _ Y207q 103120¢D7) pity [
doMS 7 T VoMs / 2028
|_I
A N A ’ . NI . 201¢] 10712DGD") PUOI2 D IN q Uip
. YA
01.,, | |
E Gup)
- C Y2018 10310DGD") 1841 —A 3
3 o 1 mﬁ
=
79 o
£L0D
_ 1311047107
= 1) pIo(]
g |
= 7% Q ($103D40G1100 U}
= ut g d OaV Y7 .
= 21g-N] U022
13]70471107)
Sunun ] %N XN -H 9018
- s/8- ($40]D4DG1100 1)
= Gt “a oav 4o
M X\ G-\ 18417
- 008 .
" X104V
4
-



US 7,965,217 B2

Sheet 13 0f 19

Jun. 21, 2011

U.S. Patent

YI0Iq L0319DGD") YN0

poze-" | »

144

dOMS \ — \“ —< YOO[ 403190GD0) pArYy [ | = >—
! YOS 7/
076~ % w
I_I &
110 4 —o N ) _J .
oA P - S YoOJg] 40319DG4D") pU0IIS |~ 3>——¢
q0z6-" | »
) |
duup ry C Y001q 10J19DGD") 1SIL] |~ ﬁj 3
U
7, U}
> e 4 | x&&ﬁ%&&% u)
&L — DAY Y352
d 1q-N Py
12]]0.L1107) : .
450, - Iy /6
16 ey ($401D4DG 11400 1)
ut O iy AV Y3PjH
AN PHrOIZS
13]]0471107) - —~
St ] 7% - )24 - 70/6
516 ($407040G100 U)
056" | "a — Oav ¥5o)d
\: JG-N 1S40
A 00/6-
a6 Y10 0av




US 7,965,217 B2

Sheet 14 0of 19

Jun. 21, 2011

U.S. Patent

VO[T Old

N@Q\— MM/N I A_ » ® NZ ®
50/

Yo01§] 40310D¢D") YN0

VONMS \..

X

d00/

|
.&Eﬁb

§LD
12]70.4]1107)
L iyl
u 1 ey
13]]0.LJU0O7)
Fuii | TT X
SL0/
osos - |
/A
X1 OdV

——¢
IN
Hu _-_ —<
“
>
A’ NM
|
yoqr’] (840104011102 1)
s PN Oav 4s71d
pU0IIG 71g-N] pU022G
dci0/ B 0/0/
Yoo’y (84010401103 11)
a— #9-N OAV 4ol
15414 HY-N 1544
GAY — Og/0/



US 7,965,217 B2

Sheet 15 0f 19

Jun. 21, 2011

U.S. Patent

¥ OA

| | | | |
| mu@\mﬁt " | | |
) e )
| | ] | L] | |
_ _ | 7 dafsupy ]
_ _ s | Z 50]puy-pIoH _ Z 219uipg
|
|
}r dofSuDi] ] [ 48fsupi; _ "
T b Bojpuy-pjofy % TS [ Sojpuy-pjop]
| _ I | |
|
. | m-mcp:ﬁ _ _ _ _ _ _
_ e Nl /1 -
_ ] ] ] -
_ L-THoID] W {, AGUDS M 7-1YND] K 7 91qug

|
_
mmN mw mvw

mvw~$g vu mmu

|

mﬁmﬁmm ﬁu mcw N@HHcN eu

|

a— 3]242 ¥20)2 [ —om

310 >
42010 OVAN

yo01g 101190¢D]) Pty |

Y001¢] 10319D¢D7) PL0IAG
3001¢ 103100¢D7) 1841,

HNUmE mu:n_umm

OV Y5P]{ puossg§

Yv] Isdiyg

DAV Y3P[A 138414

12010 DAV

01 Ol



US 7,965,217 B2

x Y10 0av
IMS —<
OMS \F —
1710 4 | A_ Apja(] IN 7
’ . 207¢] L0719DGD —=<]
o N 054 / IN 1207g 4017420 so1puy A
o
= | 0z11- . ort 1~
G
” Juup )
S
= |
o
m NGO 101)I24407) PUD JOIJUOT) |
.
e
=
- LA ot
XN
- - OaV 457[4
7 d Y] [on(] 119-N
X\ 0111~
diad OVaN g 1

U.S. Patent



U.S. Patent Jun. 21, 2011 Sheet 17 of 19 US 7,965,217 B2

N-bit Dual Latch Flash ADC

7777c
First Dual Latch Dia
Comparator Db

-
|

| |
| |
I |
| |
| |
| |
I |
| |
| |
| |
I I
’ :
I 77776 |
i Second Dual Latch Dia i

I E Comparator D2} i
i 5 5 7777/ i
I —___; Dia |
| i-th Dual Latch I

* E Comparator Di} i
| |
: L 1111 ;
| __;l i
| n-th Dual Laich Dna

.I Comparator Drb
e e e ———— 1

NI ¢
/\
Vin FIG. 1]1B
Demux
Control
7777/ Comnn -
|
V4
J\ Pre-amplifier 7775

A\
F ] G ] ] C i-th Dual Latch Comparator CLK



US 7,965,217 B2

e — | [T ]

_ 2] 3 11027 M.« _ _ 27 ﬂ\N m.wk.E _ .

" iy o 7 | I DlH

_ — | | — |

| — | — |

m m m m _ﬂ %.RQ&ET.&% |

| o ) _

_ | | - |

_ | | = |

| _ _ _ _ _

| _ _ _ _ _

| _ _ _ _ _

| _ _ _ _ _

- b b |

| ST CHLT ] ST CHI'T ] ¢ |
a | 7} ql - qr - 7 ) |
- “ ) | _
0 | e o BN _
H m L0 (NT IN'T | zino A m m 71100, (NI IN'T | 1100 A m m ‘_ 7| m
% | _ _ _ _ _
;] 5 . _

m m m m m O ULV [MLV O m

| [ LT | 4 (LT | |
= | A A | | | | |
= | L o A A _
“ . A Ty 4 |
n__.. “ g ] 2 “ “ 7 © “ _ ; “
= Gpll L~ Y10 Ot/ /] - YD) il

HAXA IdLL I WVAA PEP HOMMIN ANAY Y 1D
S//l/

XA 0 /\/

ALl

U.S. Patent




US 7,965,217 B2

VOMS \_.. Yo0J§] £0J10DGD7) PUOIAS

cl Old

op 4 ﬁ . || e

|

IN

1/

D7ty

||
N 4 Yo01q 40J10DGD7) 1541
= e
S
= \
=) | oozzl - »
o
D
-
=
7
o1 Loy
o
o
=
&\
1_-._....
~
=
=
-
19]]04710")
guni |
\: 052/
o0c/ -

X0 odv

U.S. Patent

(540104011102
Yopo [-Jon(] U)

AV P
PHY] PR N

o/c/

QYA



US 7,965,217 B2

1

APPARATUS AND METHOD FOR PIPELINED
ANALOG TO DIGITAL CONVERSION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s related to APPARATUS AND
METHOD FOR PIPELINED ANALOG TO DIGITAL
CONVERSION (Inventors: Franklin Murden et al.; Ser. No.
12/578,057, filed on even date herewith), the disclosure of

which 1s incorporated by reference 1n 1ts entirety.

BACKGROUND

1. Field

Embodiments of the invention relate to electronic devices,
and more particularly, 1n one or more embodiments, to ana-
log-to-digital converters.

2. Description of the Related Technology
In certain electronic devices, analog-to-digital converters
(ADCs) are used for converting an analog signal into a digital
format. Examples of such electronic devices include, but are
not limited to, imaging devices, communication devices, and
display devices.

An analog-to-digital converter (ADC) can use one of sev-
eral architectures, such as serial architecture, delta-sigma
architecture, and pipelined architecture. Among the ADC
architectures, the pipelined architecture 1s widely used 1n
applications, such as video imaging systems, digital sub-
scriber loops, Ethernet transceivers, and wireless communi-
cations. The pipelined ADC i1s also known as a sub-ranging
ADC.

Referring to FIG. 1A, one example of a conventional pipe-
lined analog-to-digital converter (ADC) will be described
below. The illustrated pipelined ADC 100 includes first to
N-th multiplying digital-to-analog converter (MDAC) stages
110-140 coupled 1n cascade, and a control and correction
logic 150.

The first MDAC stage 110 receives an analog input signal
V ., and generates a first n-bit digital signal D1 that forms the
most significant bits (MSB) of aresulting digital output signal
D, The first MDAC stage 110 also outputs a first residue
analog signal V, to the second stage 120. Similarly, the sec-
ond MDAC stage 120 receives the first residue analog signal
V., and generates a second n-bit digital signal D2 that forms
the second most significant bits (MSB) of the digital output
signal D, The second MDAC stage 120 also outputs a
second residue analog signal V, to the next stage.

Likewise, the 1-th MDAC stage 130 receives a residue
analog signal V., from an immediately preceding stage, and
generates an 1-th n-bit digital signal D1 that forms part of the
digital output signal D, The 1-th MDAC stage 130 also
outputs an 1-th residue analog signal V., to the next stage. The
last and N-th MDAC stage 140 receives a residue analog
signal V,, ; from an immediately preceding stage, and gener-
ates an N-th n-bit digital signal D,, that forms the least sig-
nificant bit (LSB) of the digital output signal D .

Referring to FIG. 1B, one example of the configuration of
an MDAC stage of the pipelined ADC 100 of F1IG. 1A will be
described below. The illustrated stage 1s the 1-th stage 130 of
FIG. 1A. A skilled artisan will, however, appreciate that the
other MDAC stages of the pipelined ADC 100 of FIG. 1A can
have the same or similar configuration.

The MDAC stage 130 includes an analog-to-digital con-
verter (ADC) 132, a digital-to-analog converter (DAC) 134, a
summation block 136, and an amplifier 138. The ADC 132

converts the (1—1)-th residue analog signal V., from the
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immediately preceding stage into the 1-th n-bit digital signal
Di. The DAC 134 converts the 1-th n-bit digital signal D1 into

an analog signal Ai corresponding to the digital signal D1. The
summation block 136 subtracts the analog signal A1 from the
residue analog signal V,_,, and provides a resulting signal to
the amplifier 138. The amplifier 138 amplifies the resulting
signal by a gain G, to output the 1-th residue signal to the next
stage. The ADC 132, the DAC 134, the summation block 136,
and the amplifier 138 can be implemented as a circuit block to
form an MDAC.

Referring now to FIG. 2A, one example of a circuit that can
form a stage of the pipelined ADC 100 of FIG. 1A will be

described below. For clarity, the case of 1-bit1s described, and
a comparator 1s used for the ADC 210. However, in practical
circuits, multiple bits are used. The 1llustrated circuit 200
includes a 1-bit flash ADC 210, a capacitor block 220, an
amplifier 230, an amplifier capacitor Camp, a first switch
SW1, an output switch SW0, and first to fifth nodes N1-N5.

The 1-bit flash ADC 210 serves to quantize an input analog,
voltage Vin (or a residue analog voltage from an immediately
preceding stage) to one bit. The flash ADC 210 includes a
voltage comparator 212 that includes a non-inverting input
2124, an mverting mput 2125, and an output 212¢. The non-
iverting mput 212a 1s coupled to the first node N1 configured
to receive the input analog voltage Vin. The inverting input
2125 1s coupled to a voltage reference, ground 1n the 1llus-
trated example. In a practical ADC 210, multiple comparators
are present, and each can be coupled to a separate reference
voltage. The output 212c¢1s coupled to the fourthnode N4, and
1s configured to output a digital output signal Do. The fourth
node N4 1s coupled to the control and correction logic 150
(F1G. 1A) and the capacitor block 220.

The capacitor block 220 includes a second switch SW2, a
first reference switch rswl, a second reference switch rsw2,
and a capacitor C1. The second switch SW2 1s coupled
between the first node N1 and the fifth node N5, and switches
on or oif at least partly in response to an analog-to-digital
converter (ADC) clock signal ADC CLK. Operation of these
switches will be described later.

The first reference switch rsw1 1s coupled between the fifth
node N5 and a first reference voltage source VREF1. The first
reference voltage source VREF1 can have a voltage value
of +V /2, where V .. represents a positive full-swing voltage
value. The second reference switch rsw2 1s coupled between
the fifth node NS, and a second reference voltage source
VREF2 having a voltage value of -V ../2. The first and sec-
ond reference switches rswl, rsw2 switch on or off at least
partly inresponse to the digital output signal Do. Operation of
these switches will be described later. The capacitor C1 1s
coupled between the fifth node N5 and the second node N2.

The amplifier 230 includes an inverting 1nput coupled to
the second node N2, a non-1nverting input coupled to ground,
and an output coupled to the third node N3. The amplifier
capacitor Camp includes a first terminal coupled to the sec-
ond node N2, and a second terminal coupled to the third node
N3.

The first switch SW1 1s coupled between the second node
N2 and ground, and switches on (low resistance) or off (hugh
resistance) at least partly 1 response to the ADC clock signal
ADC CLK. The output switch SW0 1s coupled between the
third node N3 and ground.

During a first phase (which may be referred to as “sample
phase”) of the operation of the circuit 200 (for example, while
the clock signal ADC CLK 1s low), the input analog voltage
Vin 1s sampled across the capacitor C1 by switching on the
first and second switches SW1, SW2, and the output switch
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SWO0. The reference switches rswl, rsw2 are turned off. Dur-
ing this phase, the comparator 212 1s 1n a tracking mode.

During a second phase (which may be referred to as “hold
phase”) of the operation of the circuit 200 (for example, while
the clock signal ADC CLK 1s high), the first and second
switches SW1, SW2, and the output switch SWO0 are switched
off. During this phase, the comparator 212 1s 1n a latch mode
in which 1t determines whether the input analog voltage Vin 1s
greater than the reference voltage, and outputs the digital
output signal Do, based on the determination. In addition, an
appropriate reference voltage, etther +V . /2 or -V . /2, 1s
applied to the capacitor C1 through either of the first and
second reference switches rswl, rsw2, depending on the digi-
tal output signal Do. The mput voltage, Vin, 1s subtracted
from either +V /2 or -V /2, depending on the output signal
Do, and that difference charge 1s transierred to the amplifier
capacitor Camp by the fact that the second node N2 1s at
virtual ground (due to the high open loop gain of the amplifier
230). The relationship between the input voltage Vin and the
output voltage Vout 1s shown 1n FIG. 2B.

In general, the comparator 212 of FIG. 2A may include a
pre-amplifier 310 and a latch 320, as shown 1n FIG. 3A. The
pre-amplifier 310 serves to amplity the input analog voltage
Vin and provide the amplified input analog voltage to the
latch 320. The latch 320 receives the amplified difference
between the input analog voltage Vin and a reference voltage,
for example, OV 1n the illustration. When a clock CLK pro-
vided to the latch 320 1s high, the positive feedback of the
latch 320 1s suppressed by a first latch switch, for example,
LTR1 in FIG. 3B. When the clock goes low, the first latch
switch LTR1 turns oif, and the positive feedback of the latch
320 takes the recerved difference voltage, and gains 1t up until
one output goes to ground (logic 0) and the other to the supply
(logic 1).

Referring now to FIG. 3B, one example of a circuit for the
comparator 212 of FIG. 2A will be described below. The
illustrated circuit 300 includes a pre-amplifier 310, a latch
320, and a current mirror 330.

The pre-amplifier 310 can include a first amplifier transis-
tor ATR1, a second amplifier transistor ATR2, and a current
source CS. The first amplifier transistor ATR1 includes a
drain coupled to the current mirror 330, a source coupled to

the mput analog voltage Vin and the reference voltage. The
second amplifier transistor ATR2 includes a drain coupled to
the current mirror 330, a source coupled to the current source
CS, and a gate configured to recerve the other of the mput
analog voltage Vin and the reference voltage. The current
source CS 1s configured to generate a current flowing from the
sources of the transistors ATR1, ATR2 to ground.

The latch 320 includes first to third latch transistors LTR1-
['TR3, and first and second latch nodes LN1, LN2. The first
latch transistor LTR1 includes a source/drain coupled to the
first latch node LN1, a drain/source coupled to the second
latch node LN2, and a gate configured to receive a clock
signal CLK. The second latch transistor LTR2 includes a
source/drain coupled to the first latch node LN1, a drain/
source coupled to ground, and a gate coupled to the second
latch node LN2. The third latch transistor LTR3 includes a
source/drain coupled to the second latch node LN2, a drain/
source coupled to ground, and a gate coupled to the first latch
node LLN1. The first and second latch nodes LN1, LN2 are
configured to receive first and second current signals1, and 1,,
respectively, from the current mirror 330.

The current mirror 330 serves to copy currents from the
pre-amplifier 310, and provide the copied currents to the latch

the current source CS, and a gate configured to recerve one of
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320. A skilled artisan will appreciate that various configura-
tions ol current mirrors can be adapted for the current mirror

330.

During operation, each of the gates of the first and second
amplifier transistors ATR1, ATR2 receives a respective one of
the input analog voltage Vin and the reference voltage.
Depending on the levels of the mput analog voltage Vin and
the reference voltage, the first and second amplifier transis-
tors ATR1, ATR2 allow first and second amplifier currents1_,,
1, to tlow therethrough. The first and second amplifier cur-
rents 1_,, 1_, are copied by the current mirror 330, and are
provided to the latch 320 as first and second current signals 1,,
1,.

During a first phase ol the operation of the comparator 212,
the clock signal CLK 1s high. The first latch transistor LTR1
thus connects the first latch node LN1 to the second latch node
[LN2 so that the positive resistance of the L'I'R1 1s lower 1n
resistance than the magnitude ol the negative resistance of the
second and third latch transistors LI R2 and LTR3, thus keep-
ing the latch 320 from regenerating. Some amount of the
difference between the input signal Vin and the comparator
reference will be seen across the first and second latch nodes
[LN1, LN2 by the currents 1, and 1,.

During a second phase of the operation, the clock signal
CLK goes low, and thus the first latch transistor LTR1 1s
turned off, disconnecting the first latch node LN1 from the
second latch node LN2, thus allowing the difference signal to
be exposed to the positive feedback of the latch 320. For
example, when the first current signal 1, 1s greater than the

bias current Ib, and the second current signal 1, 1s less than the
bias current Ib, a transition 1s initiated to force the second
latch transistor L' TR2 to be 1n an “OFF” state, while the third
transistor M3 remains 1n an “ON” state. It, however, takes
some time (which 1s so-called “regeneration time”) for the
nodes LN1, LN2 to transition to a new steady state that 1s
indicative of which one of the first and second current signals
1, and 1, 1s greater than the other. The smaller the voltage
between the first and second latch nodes LN1 and LN2, the
longer 1t takes for regeneration (the relationship between the
difference 1n voltage between the first and second latch nodes
[LN1 and LN2 and the regeneration time 1s exponential).
When the voltage 1s so small between the first and second
latch nodes LIN1 and LLN2 that the latch 320 does not regen-
erate 1n the appropriate amount of time, the latch 320 1s said
to be 1n a meta-stable state, meaning that neither output V -
orV 5.7 has reached a valid logic level.

SUMMARY

In one embodiment, an apparatus comprises: a pipelined
analog-to-digital converter comprising a control and correc-
tion circuit; and a plurality of multiplying digital-to-analog,
converter (IMDAC) stages coupled 1n cascade to one another.
At least one of the MDAC stages comprises: an MDAC input
configured to receive an analog input voltage; a first flash
analog-to-digital converter (ADC) having an input coupled to
the MDAC input, wherein the first flash ADC 1s configured to
generate a first digital signal; and a second flash ADC having
an input coupled to the MDAC 1nput, wherein the second flash
ADC 1s configured to generate a second digital signal. The
first flash ADC and the second flash ADC alternate analog-

to-digital conversion 1n response to control from the control
and correction circuit.

In another embodiment, an apparatus comprises: a pipe-
lined analog-to-digital converter comprising a control and
correction circuit; and a plurality of multiplying digital-to-
analog converter (MDAC) stages coupled 1n cascade to one
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another. At least one of the MDAC stages comprises: an
MDAC mput configured to receive an analog mput voltage;

and a dual latch flash analog-to-digital converter (ADC) com-
prising one or more dual latch comparators. At least one of the
dual latch comparators comprises: a pre-amplifier having an
input coupled to the MDAC input, and an output; a demulti-
plexer having an input coupled to the output of the pre-
amplifier, a first output, and a second output; a first latch
having an 1nput coupled to the first output of the demulti-
plexer, wherein the first latch 1s configured to generate a first
digital signal; and a second latch having an input coupled to
the second output of the demultiplexer, wherein the second
latch 1s configured to generate a second digital signal. The
first latch and the second latch alternate analog-to-digital
conversion 1n response to control from the control and cor-
rection circuit.

In yet another embodiment, a method for pipelined analog-
to-digital conversion 1s provided. The method comprises:
converting a first analog signal into a digital signal; convert-
ing the digital signal into a second analog signal; subtracting
the second analog signal from the first analog signal, thereby
generating a residue signal; and amplifying the residue signal.
Converting the first analog signal comprises: comparing, by a
first flash analog-to-digital converter (ADC), the first analog
signal with one or more reference voltages to generate a first
digital signal during at least part of a first phase or cycle of a
clock signal; comparing, by a second flash ADC, the first
analog signal with the one or more reference voltages to
generate a second digital signal during at least part of a second
phase or cycle of the clock signal immediately subsequent to
the first phase or cycle.

In yet another embodiment, a method for pipelined analog-
to-digital conversion 1s provided. The method comprises:
converting a first analog signal into a digital signal; convert-
ing the digital signal into a second analog signal; subtracting
the second analog signal from the first analog signal, thereby
generating a residue signal; and amplifying the residue signal.
Converting the first analog signal comprises: pre-amplifying,
by a pre-amplifier of a flash ADC, the first analog signal and
a relerence voltage; comparing, by a first comparator latch of
the flash ADC, the pre-amplified first analog signal with the
pre-amplified reference voltage to generate a first digital sig-
nal during at least part of a first phase or cycle of a clock
signal; and comparing, by a second comparator latch of the
flash ADC, the pre-amplified first analog signal with the
pre-amplified reference voltage to generate a second digital
signal during at least part of a second phase or cycle of a clock
signal immediately subsequent to the first phase or cycle.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a schematic block diagram 1llustrating a con-
ventional pipelined analog-to-digital converter (ADC)
including multiple stages coupled 1n cascade.

FIG. 1B 1s a schematic block diagram 1llustrating one of the
stages ol the pipelined analog-to-digital converter of F1IG. 1A.

FIG. 2A 1s a circuit diagram of a 1-bit multiplying digital-
to-analog converter (MDAC) for one of the stages of the
pipelined analog-to-digital converter of FIG. 1A.

FI1G. 2B 1s a graph illustrating the relationship between the
input and output of the MDAC of FIG. 2A.

FIG. 3A 1s a block diagram of one example of a comparator
in the MDAC of FIG. 2A.

FI1G. 3B i1s a circuit diagram of one example of a compara-
tor in the MDAC of FIG. 2A.

FI1G. 4 1s a timing diagram 1llustrating the operation of the
MDAC of FIG. 2A.
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FIG. SA 1s a schematic block diagram of a 1-bit MDAC
according to one embodiment.

FIG. 5B 1s a timing diagram illustrating the operation of the
MDAC of FIG. 5A.

FIG. 6 A 1s a schematic block diagram of an N-bit MDAC
according to one embodiment.

FIG. 6B 1s a schematic diagram of an N-bit flash ADC of
the MDAC of FIG. 6A according to one embodiment.

FIG. 6C 1s a schematic diagram of a sub-capacitor block of
the MDAC of FIG. 6A according to one embodiment.

FIG. 7A 1s a schematic block diagram of an N-bit MDAC
including multiple capacitor blocks according to another
embodiment.

FIG. 7B 1s a iming diagram illustrating the operation of the
MDAC of FIG. 7A.

FIG. 8 1s a schematic block diagram of an N-bit MDAC
with random selection of capacitor blocks according to yet
another embodiment.

FIG. 9 1s a schematic block diagram of an N-bit MDAC
with random selection of capacitor blocks according to yet
another embodiment.

FIG. 10A 1s a schematic block diagram of an N-bit MDAC
with random selection of capacitor blocks according to yet
another embodiment.

FIG. 10B i1s a timing diagram 1llustrating the operation of
the MDAC stage of FIG. 10A.

FIG. 11A 1s a schematic block diagram of an N-bit MDAC
including a dual latch tflash ADC according to one embodi-
ment.

FIG. 11B i1s a schematic block diagram of the dual latch
flash ADC of FIG. 11 A according to one embodiment.

FIG. 11C 1s a schematic block diagram of a dual latch
comparator 1n the dual latch flash ADC of FIG. 11B according
to one embodiment.

FIG. 11D 1s a circuit diagram of the dual latch comparator
of FIG. 11C according to one embodiment.

FIG. 12 1s a schematic block diagram of an N-bit MDAC
including a dual latch flash ADC according to another
embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

The following detailed description of certain embodiments
presents various descriptions of specific embodiments of the
invention. However, the invention can be embodied 1n a mul-
titude of different ways as defined and covered by the claims.
In this description, reference 1s made to the drawings where
like reference numerals indicate identical or functionally
similar elements.

As described above, an MDAC stage includes one or more
comparators for converting an input analog voltage nto a
digital signal. Such comparators, not limited to the compara-
tor 212 shown in FIG. 3B, typically have regeneration time
described above. The regeneration time of comparators 1n a
pipelined ADC often shortens a gain time during which an
MDAC stage can output a residue analog signal.

Referring to FIG. 4 which illustrates the operation of the
1-bit MDAC stage 200 of FIG. 2A, during a first period P1
between t0 and t1 (which may be referred to as a “sample
period”), the ADC clock signal ADC CLK, 1s low, and the
comparator 212 1s tracking the input signal Vin. During this

tracking mode, the comparator 212 1s provided with a clock
signal CLK that 1s high. The output switch SW0 and the first

and second switches SW1, SW2 are on, and the first and

second reference switches rswl and rsw2 are oft. At t1, the
ADC clock signal ADC CLK goes high, triggering a hold
pertod. However, a gain time period tg starts at 12 after a
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regeneration time period t,, as shown 1n FIG. 4. The regen-
eration time period t, may be shortened to a certain extent by
various schemes, but cannot be eliminated. In some pipelined
ADCs that use a high frequency clock, a clock cycle 1s rela-
tively short. Thus, the regeneration time period may signifi-
cantly reduce the gain time period, thereby adversely affect-
ing the operation of the ADCs. Thus, there 1s a need for an

MDAC configuration that can avoid such a problem.
MDAC Stage of a Pipelined ADC with Alternating Flash

ADC Outputs

In some embodiments, an MDAC stage of a pipelined ADC
includes two or more flash ADCs connected 1n parallel, alter-
nately generating digital signals from an analog imnput voltage.
In such embodiments, the alternately operating tlash ADCs
provide the digital signals to a capacitor block that receives a
delayed analog input voltage. This configuration allows the
flash ADCs to have relatively more regeneration time while
increasing MDAC gain time which 1s defined as the time
when the charge from one or more mput capacitors i the
capacitor block 1s subtracted from a respective one of refer-
ence voltages (for example, either VREF1 or VREF2 shown
in FIG. 2A) and transferred to an amplifier capacitor. Prefer-
ably, each of the MDAC stages of a pipelined ADC 1s config-
ured with alternating Flash ADC:s.

In another embodiment, an MDAC stage of a pipelined
ADC includes two or more flash ADCs connected 1n parallel,
alternately generating digital signals from an analog input
voltage. The MDAC may also include two or more capacitor
blocks, each of which 1s associated with a respective one of
the flash ADCs, forming two or more sets of a flash ADC and
a capacitor block. The two or more sets of a flash ADC and a
capacitor block alternately operate while allowing each set to
have a suificient regeneration time without reducing gain
time. The operations of the two or more sets of the flash ADC
and the capacitor block can be controlled by a timing control-
ler which can be part of a control and correction logic of the
pipelined ADC.

In yet another embodiment, an MDAC stage of a pipelined
ADC includes two or more flash ADCs connected in parallel,
alternately generating digital signals from an analog input
voltage. The MDAC stage may also include three or more
capacitor blocks, each of which 1s randomly selected at a time
for operating with one of the flash ADCs. This configuration
avoids errors 1n the output voltage signal of the MDAC stage
by averaging out differences between the capacitor blocks.

In yet another embodiment, an MDAC stage of a pipelined
ADC 1ncludes a single multiple latch tflash ADC that can
alternately generate digital output signals in response to an
analog input voltage. Such a single multiple latch tlash ADC
can substitute two or more tlash ADCs in the embodiments
described above. Referring now to FIGS. SA-12, MDAC
stages according to certain embodiments will be described

below.
1-Bit MDAC Stage of a Pipelined ADC with Alternating

Flash ADCs

Referring to FIG. 5A, an MDAC stage of a pipelined ADC
according to one embodiment will be described below. For
clanty, the MDAC stage will be described with a 1-bit ADC,
shown as comparators 512a,512b. In practical embodiments,
multiple-bit ADCs are applicable, such as N-bit ADC with a
bank of, for example, 2"V-1 comparators. An example of a
value for N 1s 3, but other values will be readily determined by
one of ordinary skilled 1n the art. Such a configuration will be

described later in connection with FIGS. 6 A-6C. The illus-
trated MDAC stage 500 1s a 1-bit MDAC which includes a
first 1-bit flash ADC 510a, a second 1-bit flash ADC 5105, a

multiplexer 5135, a capacitor block 520, an amplifier 530, an
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amplifier capacitor Camp, an analog delay 540, a first switch
SW1, an output switch SWO, first to third nodes N1-N3, and

a fifth node NS. Details of the amplifier 530, the amplifier
capacitor Camp, the first switch SW1, the output switch SW0
can be as described above with respect to those of the ampli-
fier 230, the amplifier capacitor Camp, the first switch SW1,
the output switch SWO0 of FIG. 2A.

Each of the 1-bit flash ADCs 510a, 5105 serves to quantize
an mput analog voltage Vin (or a residue analog voltage from
an immediately preceding stage) to one bit. Of course, when
multiple bit flash ADCs are used, the input to an MDAC stage
1s quantized to multiple bits. Details of such a configuration
will be described later 1n connection with FIG. 6B. Each of
the flash ADCs 510a, 5105 1ncludes a respective one of first
and second comparators 512a, 512b. Each of the first and
second comparators 512a, 5125 includes a non-inverting
input, an inverting mput, and an output. The non-inverting
input 1s coupled to the first node N1 configured to receive the
input analog voltage Vin. The inverting input 1s coupled to
ground. The output 1s coupled to one of mnputs of the multi-
plexer 515, and 1s configured to output arespective one of first
and second digital output signals Dol or Do2.

The multiplexer 513 recerves the first and second digital
output signals Dol, Do2, and selectively outputs one of the
signals Dol, Do2 1n response to a control signal and/or an
ADC clock signal ADC CLK. The multiplexer 513 provides
the selected one of the signals Dol, Do2 to the capacitor block
520 and a control and correction logic (not shown). Operation
of the multiplexer 515 will be described later in connection
with FIG. 5B.

The capacitor block 520 includes a second switch SW2, a
first reference switch rswl, a second reference switch rsw2,
and a capacitor C1. The second switch SW2 1s coupled

between the analog delay 540 and the fifth node NS. The first
and second reference switches rswl, rsw2 switch on or off at
least partly 1n response to the selected one of the signals Dol,
Do2. In some embodiments, the capacitor block 520 can
include three or more reference voltages, and a corresponding
number of reference switches that are controlled by signals
from the multiplexer 515. One example of such embodiments
will be described later in connection with FIG. 6A. Other
details of the capacitor block 520 can be as described above
with respect to the capacitor block 220 of FIG. 2A. A skilled
artisan will appreciate that various other configurations of
capacitor blocks can also be used for the capacitor block 520.
A skilled artisan will also appreciate that, 1n other embodi-
ments, a capacitor may be used as a part of the capacitor block
520 during a sample period, and may be used as an amplifier
capacitor during a hold period. Operation of the capacitor
block 520 will be described later 1n connection with FIG. 5B.

The analog delay 540 1s coupled between the first node N1
and the second switch SW2. The analog delay 540 serves to
delay the mnput voltage Vin by a selected period of time. In one
embodiment, the analog delay 340 may include one or more
sample-and-hold amplifiers (SHAs) connected in cascade.
Each of the sample-and-hold amplifiers can delay the input
voltage Vin by one half of a clock cycle, for example, an
analog-to-digital converter (ADC) clock signal ADC CLK. In
an alternative embodiment, the analog delay 540 may include

a delay line having a length inversely proportional to the rate
of the clock signal ADC CLK.

Referring to FI1G. 5B, the operation of the MDAC stage 500
of F1G. 5A will be described below. During a first time period
P1 (between t0 and t1), the ADC clock signal ADC CLK 1is
low, and the first comparator 512a tracks the input voltage
Vin, and compares 1t to a reference voltage, ground in this
example.
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Attl, the ADC clock signal ADC CLK goes high. The first
comparator 512a goes mto a latch phase, and 1s allowed to
have a regeneration period t, that starts at t1, and ends shortly
betfore t3. This period msures that the latch of the first com-
parator 512a has come out of meta-stability, and 1ts outputs
have reached a valid logic state. Shortly before t3, a gain
period tg of the first comparator 512a starts, and may last
substantially the entire fourth period P4. This 1s the period
where the delayed input s1ignal Vin 1s subtracted from the first
or second reference voltage VREF1 or VREF2, depending on
the output of the latch of the first comparator 5312a, and that
charge 1s transierred to the amplifier capacitor Camp.

The mput voltage Vin 1s delayed by 1 clock cycle by the
analog delay 540. Thus, 11 the input voltage Vin reaches the
first node N1 during the first period P1, 1t can arrive at the
capacitor block 520 during the third period P3. During the
third period P3, the input voltage Vin that reached the first
node N1 during the first period P1 1s sampled across the
capacitor C1 by switching on the first and second switches
SW1, SW2, and the output switch SW0, and turming off the
reference switches rswl, rsw2.

During the fourth period P4 (during which the MDAC 500
stage can be 1n a hold phase), the multiplexer 515 selects the
first digital output signal Dol from the first comparator 512a,
and provides the signal Dol to the capacitor block 520. At the
same time, the first and second switches SW1, SW2, and the
output switches SWO0 are switched off, and an appropriate
reference voltage, either VREF1 or VREF2, 1s applied to the
capacitor C1 through either of the first and second switches
rswl, rsw2, depending on the first digital output signal Dol.
The difference charge (the input voltage Vin minus a selected
reference voltage VREF1 or VREF2) across the capacitor C1
1s transierred to the amplifier capacitor Camp to generate the

output voltage Vout by the negative feedback of the amplifier
530. During a fifth period P5 (between t4 and t5) SW1, SW2,

and the output switch SW0 are turned on to reset the capacitor
block 520 and the amplifier 530.

During the third time period P3, the second comparator
512b tracks the input voltage Vin and compares 1t to a refer-
ence voltage, ground in this example. At t3, the second com-
parator 5125 goes into a latch phase, and 1s allowed to have a
regeneration period t, that starts at t3, and ends shortly betore
t5. This period msures that the latch of the second comparator
5126 has come out of meta-stability and its outputs have
reached a valid logic state. Shortly before t5, a gain period tg
of the second comparator 5125 starts, and may last substan-
tially the entire sixth period P6. This 1s the period where the
delayed mput signal Vin 1s subtracted from either the first or
second reference voltage VREF1 or VREF2, depending on
the output of the latch of the second comparator 51256, and
that charge 1s transierred to the amplifier capacitor Camp.

As described above, the 1input voltage Vin 1s delayed by 1
clock cycle by the analog delay 540. Thus, if the input voltage
Vin reaches the first node N1 during the third period P3, it can
arrive at the capacitor block 520 during the fifth period P5.
During the fifth period PS5, the input voltage Vin that reached
the first node N1 during the third period P3 1s sampled across
the capacitor C1 by switching on the first and second switches
SW1, SW2, and the output switch SW0, and turming off the
reference switches rswl, rsw2.

During the sixth peried P6 (during which the MDAC 500

stage can be 1n a hold phase), the multiplexer 515 selects the
second digital output signal Do2 from the second comparator
512b, and provides the signal Do2 to the capacitor block 520.
At the same time, the first and second switches SW1, SW2,
and the output switch SW0 are switched oiff, and an appro-
priate reference voltage, either the first or second reference
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voltage VREF1 or VREF2, 1s applied to the capacitor C1
through either of the first and second switches rswl, rsw2,
depending on the second digital output signal Do2. The dii-
terence charge (the input voltage Vin minus a selected refer-
ence voltage VREF1 or VREF2) across the capacitor C1 1s
transierred to the amplifier capacitor Camp to generate the
output voltage Vout by the negative feedback of the amplifier
530. During a seventh period P7 (between t6 and t7), the first
and second switches SW1, SW2, and the output switch SW0Q

are turned on to reset the capacitor block 520 and the amplifier
530.

As described above, the regeneration periods t, of the first
and second comparators 512a, 5126 end before the hold
phases of the MDAC stage operation start. Thus, the gain
periods tg of the comparators 312a, 51256 can last from the
start to the end of each of the hold phases. For example, the
gain period tg can be substantially equal to or greater than half
a cycle of the clock signal ADC CLK. Thus, even in high

frequency operations, the regeneration periods do not shorten
the gain periods.

N-Bit MDAC Stage of a Pipelined ADC with Alternating
Flash ADCs

Referring to FIGS. 6 A-6C, an MDAC stage according to
another embodiment will be described below. The 1llustrated
MDAC stage 600 1s an N-bit MDAC stage which includes a
first N-bit flash ADC 610a, a second N-bit tlash ADC 6105, a
multiplexer 615, a capacitor block 620, an amplifier 630, an
amplifier capacitor Camp, an analog delay 640, a first switch
SW1, an output switch SW0, and first to third nodes N1-N3.
Details of the amplifier 630, the amplifier capacitor Camp, the
first switch SW1, the output switch SW0 can be as described
above with respect to those of the amplifier 230, the amplifier
capacitor Camp, the first switch SW1, the output switch SW0
of FIG. 2A.

Each of the N-bit flash ADCs 610a, 6105 serves to quantize
an mput analog voltage Vin (or a residue analog voltage from
an immediately preceding stage) to N bits. Nmay be 1.5, oran
integer equal to or greater than 2. Each of the flash ADCs
610a, 6105 may includes n number of comparators. n may be
2%, 2¥_1, or 2"¥-2, depending on the design of the ADCs.

FIG. 6B 1illustrates one embodiment of an N-bit flash ADC.
Each of the flash ADCs 610a, 6105 of FIG. 6 A can have the
configuration shown 1n FIG. 6B. The illustrated flash ADC
610 includes first to n-th comparators CM1-CMn. E

Each ofthe
first to n-th comparators COM1-COMn 1ncludes a non-1in-
verting mput, an mverting mput, and an output. The non-
iverting mput 1s coupled to the first node N1 configured to
receive the iput analog voltage Vin. The nverting 1nput 1s
coupled to a respective one of reference voltages, REF1-
REFn, which are typically generated from a resistor ladder. In
some embodiments, the first and second flash ADCs 610a,
6105 can share the same reference voltages REF1-REFn. The
output 1s coupled to an mput of the multiplexer 615, and 1s
configured to output a digital signal D1, D2, D3,

D, .. ., or Dnthat forms part of one of first and seeend d1 gltal
eutput signal sets Dol or Do2. In other words, each of the first
and second digital output signal sets Dol or Do2 includes
n-number of signals from the comparators COM1-COMn of
one of the flash ADCs 6104, 6105.

The multiplexer 613 recerves the first and second digital
output signal sets Dol, Do2, and selectively outputs one of
the signal sets Dol, Do2 in response to a control signal and/or
an ADC clock signal ADC CLK. The multiplexer 615 pro-
vides the selected one of the signal sets Dol, Do2 to the
capacitor block 620 and a control and correction logic (not
shown).
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The capacitor block 620 includes first to n-th sub-capacitor
blocks 622a-622¢. Each of the sub-capacitor blocks 622a-
622¢ includes an mput coupled to the analog delay 640 via a
first capacitor block node NCB1, and an output coupled to the
second node N2 via a second capacitor block node NCB2.
The sub-capacitor blocks 622a-622¢ are collectively config-
ured to convert a digital signal represented by either the first
or second signal sets Dol, Do2 to an analog voltage, and
subtract the converted analog voltage from the mnput analog
voltage Vin, serving as an DAC and a summation block (see
FIG. 1B). Each of the sub-capacitor block 622a-622¢ 1s con-
figured to sample and hold the input voltage Vin, and subtract
a selected reference voltage from the mput voltage Vin 1n
response to arespective one signal of the first or second signal
sets Dol, Do2, thereby providing an analog output voltage.

Referring to FIG. 6C, one embodiment of a sub-capacitor
block 622 will be described below. Each of the sub-capacitor
blocks 622a-622¢ of FIG. 6 A may have the configuration
shown 1 FIG. 6C. The sub-capacitor block 622 includes a
second switch SW2i, a first reference switch rswli, a second
reference switch rsw2i, and a capacitor Ci1. The second switch
SW2i 1s coupled to the first capacitor block node NCB1. The
capacitor C1 1s coupled between the second switch SW2i and
the second capacitor block node NCB2. The first and second
reference switches rswli, rsw2i switch on or off at least partly
1n response to a respective one signal D, of the selected one of
the digital output signal sets Dol, Do2. Other details of the
sub-capacitor block 622 can be as described above with
respect to the capacitor block 520 of FIG. 5A.

The analog delay 640 1s coupled between the first node N1
and the first capacitor block node NCB1. The analog delay
640 serves to delay the mput voltage Vin by a selected period
of time. Other details of the analog delay 640 can be as

described above with respect to the analog delay 540 of FIG.
S5A.

The operation of the N-bit MDAC 600 can be substantially
the same as the operation of the 1-bit MDAC 500 of FIG. SA,
except that each of the N-bit flash ADCs 610a, 6105 generates
an N-bit signal, instead of a 1-bit signal, and the sub-capacitor
blocks 622a-622¢ operate together to function as a capacitor
block like the capacitor block 520 of FIG. 5A. Thus, a skilled
artisan will readily appreciate that the timing diagram of FIG.
5B can apply to the operation of the N-bit MDAC 600.
MDAC Stage of a Pipelined ADC with Alternating Flash
ADCs and Timing Controller

Referring to FIG. 7A, an MDAC stage according to another
embodiment will be described below. The illustrated MDAC
700 1s an N-bit MDAC which includes a first N-bit flash ADC
710a, a second N-bit tlash ADC 7105, a first capacitor block
720a, a second capacitor block 7205, an amplifier 730, an
amplifier capacitor Camp, a timing controller 750, a first
output switch SWO0A, a second output switch SWO0B, and first
to third nodes N1-N3. Details of the amplifier 730, the ampli-
fier capacitor Camp, the second output switch SWOB can be
as described above with respect to those of the amplifier 230,
the amplifier capacitor Camp, the output switch SW0, respec-

tively, of FIG. 2A.

Each of the N-bit tlash ADCs 710a, 7105 serves to quantize
an mput analog voltage Vin (or a residue analog voltage from
an 1immediately preceding stage) to N bits. The first and
second N-bit flash ADCs 710a, 7105 outputs first and second

digital output signal sets Dol, Do2, respectively. Other
details of the N-bit flash ADCS 710a 7106 can be as

described earlier in connection with FIG. 6B.

The first capacitor block 720a includes first to n-th sub-
capacitor blocks 722a. Each of the sub-capacitor blocks 722a
includes an mput coupled to a first capacitor block node
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NCBI1 coupled to the first node N1, and an output coupled to
a second capacitor block node NCB2. Details of each of the
sub-capacitor blocks 722a can be as described earlier 1n con-
nection with FIG. 6C.

The first capacitor block 720a also includes a first capacitor
block switch SW1a and a first selection switch sswl. The first
capacitor block switch SW1a 1s coupled between the second
capacitor block node NCB2 and ground. The first selection
switch sswl 1s coupled between the second capacitor block
node NCB2 and the second node N2. The second node N2 can
be coupled to ground via the first output switch SW0A when
the first output switch SWOA 1s turned on.

The second capacitor block 7205 includes first to n-th
sub-capacitor blocks 722b. Each of the sub-capacitor blocks
7225 includes an input coupled to a first capacitor block node
NCB1 coupled to the first node N1, and an output coupled to
a second capacitor block node NCB2. Details of each of the
sub-capacitor blocks 7225 can be as described earlier 1n con-
nection with FIG. 6C.

The second capacitor block 72056 also includes a second
capacitor block switch SW1b and a second selection switch
ssw2. The second capacitor block switch SW1b 1s coupled
between the second capacitor block node NCB2 and ground.
The second selection switch ssw2 1s coupled between the
second capacitor block node NCB2 and the second node N2.

The timing controller 750 1s configured to control the
operations of the switches within the capacitor blocks 720a,
7205, including the first and second capacitor block switches
SWla, SW15b and the first and second selection switches
sswl, ssw2, and switches within the sub-capacitor blocks
722a,722b. The timing controller 750 can be considered to be
part of a control and correction logic. The timing controller
750 can operate 1n response to an analog-to-digital converter
(ADC) clock signal ADC CLK, and can control the alternat-
ing operation based on alternating clock cycles, alternating
clock phases, or the like of the clock signal ADC CLK.

Referring to FI1G. 7B, the operation of the MDAC stage 700
of FIG. 7A will be described below. During a first time period
P1 (between t0 and t1), the first flash ADC 710a tracks the
iput voltage Vin and compares 1t to reference voltages. In

addition, during the first time period P1, the first capacitor
block switch SW1a and the second switches (see SW2i of
FIG. 6C) 1n the sub-capacitor blocks 722a of the first capaci-
tor block 720a are on, and the first capacitor block 720q 1s in
sample mode. At tl, the first flash ADC 710a goes 1nto a latch
phase, and 1s allowed to have a regeneration period t, that
starts at t1 and ends at t23 before t3. This period insures that
the latches of the first flash ADC 710a have come out of
meta-stability and their outputs have reached a valid logic
state. At 123, a gain period tgl of the first flash ADC 710aq
starts, and may last substantially the entire fourth period P4
(between t3 and t4). In addition, at t1, the first capacitor block
switch SW1a and the second switches in the sub-capacitor
blocks 722a of the first capacitor block 720a are turned off.
During a period between t1 and t4, the input analog voltage
Vin 1s held across the first capacitor block 720a by switching
off the first capacitor block switch SW1la and the second
switches 1n the sub-capacitor blocks 722a of the ﬁrst capaci-
tor block 720a while keeping the other switches of
During another period between t23 and t4, the ﬁrst flash
ADC T710a provides the first digital signal set Dol to the
sub-capacitor blocks 722a of the first capacitor block 720a.
At the same time, an appropriate reference voltage, either
VREF1 or VREF2, 1s applied to each of the sub-capacitor
blocks 722a through either of the first and second reference




US 7,965,217 B2

13

switches (seerswl, rsw2 of F1G. 6C) within the sub-capacitor
blocks 722a, depending on the first digital output signal set
Dol.

Further, the first selection switch ssw1 1s turned on at time
t23 to couple the sub-capacitor block node NCB2 of the first
capacitor block 720a to the second node N2. Also, the first
and second output switches SWOA and SWO0B are turned off
at time t23. The difference charge between the mput voltage
Vin and a selected reference voltage VREF1 or VREF2 1s
transierred to the amplifier capacitor Camp due to the large
negative feedback of the amplifier 730 and generates an out-
put voltage Vout. In the context of this document, a period
during which a difference charge between an iput voltage
and a reference voltage 1s transierred can be referred to as an
MDAC charge transier period.

During yet another period between t4 and t45, the first
capacitor block switch SSW1 1s turned off, and the first and
second output switches SWO0A and SWO0B are turned on to
remove the charge across the amplifier capacitor Camp.

During a third time period P3 (between 12 and t3), the
second flash ADC 7105 tracks the nput voltage Vin, and
compares it to reference voltages. In addition, during the third
time period P3, the second capacitor block switch SW1b and
the second switches (see SW2i ol FIG. 6C) 1n the sub-capaci-
tor blocks 7225 of the second capacitor block 7205 are on,
and the second capacitor block 7205 1s 1n sample mode. At t3,
the second flash ADC 7106 goes into a latch phase, and 1s
allowed to have a regeneration period t,, that starts at t3 and
ends at t45 before t5. This period insures that the latches of the
second flash ADC 71056 have come out of meta-stability and
their outputs have reached a valid logic state. At t45, a gain
period tg2 of the second tlash ADC 7105 starts, and may last
substantially the entire sixth period P6 (between t5 and t6). In
addition, at t3, the second capacitor block switch SW1b and
the second switches 1n the sub-capacitor blocks 7225 of the
second capacitor block 7206 are turned off.

During a period between t3 and t6, the input analog voltage
Vin 1s held across the second capacitor block 7205 by switch-
ing oif the second capacitor block switch SW1b and the
second switches 1n the sub-capacitor blocks 7225 of the sec-
ond capacitor block 7205 while keeping the other switches
off.

During another period between t45 and 6, the second tlash
ADC 71056 provides the second digital signal set Do2 to the
sub-capacitor blocks 7226 of the second capacitor block
720b. At the same time, an appropriate reference voltage,
either VREF1 or VREF2, 1s applied to each of the sub-capaci-
tor blocks 7226 through either of the first and second refer-
ence switches (see rswl, rsw2 of FIG. 6C) within the sub-
capacitor blocks 722b, depending on the second digital output
signal set Do2.

Further, the second selection switch SSW?2 1s turned on at
time t45 to couple the sub-capacitor block node NCB2 of the
second capacitor block 72056 to the second node N2. Also, the
first and second output switches SWO0A and SWO0B are turned
off at time t4S5. The difference charge between the input
voltage Vin and a selected reference voltage VREF1 or
VREF2 1s transterred to the amplifier capacitor Camp due to
the large negative feedback of amplifier 730 and generates an
output voltage Vout. During yet another period between t6
and 165, the second capacitor block switch SSW1 1s turned
off, and the first and second output switches SWO0A and
SWOB are turned on to remove the charge across the amplifier
capacitor Camp.

In the embodiment described above, by using separate
capacitor blocks, the gain periods tgl, tg2 of the tlash ADCs
710a, 7106 and the MDAC charge transier period can be
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lengthened to be greater than half a clock cycle. For example,
the gain period tg can be substantially equal to or greater than
about % of a cycle of the clock signal ADC CLK. Thus, the

performance of the MDAC stage 700 can be maintained while
operating at high frequency.
MDAC Stage of a Pipelined ADC with Random Selection of
Capacitor Blocks

Referring to FIG. 8A, an MDAC stage according to yet
another embodiment will be described below. The 1llustrated
MDAC stage 800 1s an N-bit MDAC stage which includes a
first N-bit tflash ADC 810a, a second N-bit flash ADC 8105, a

multiplexer 815, a data controller 817, a first capacitor block
820a, a second capacitor block 8206, and a third capacitor
block 820c¢, an amplifier 830, an amplifier capacitor Camp, a
timing controller 8350, first and second output switches
SWOA, SWOB, and first to third nodes N1-N3. Details of the
amplifier 830, the amplifier capacitor Camp, the output
switches SWO0A, SWO0B can be as described above with
respect to those of the amplifier 730, the amplifier capacitor
Camp, the output switches SW0A, SW0B of FIG. 7TA.

Each of the N-bit flash ADCs 810a, 8105 serves to quantize

an mput analog voltage Vin (or a residue analog voltage from
an 1immediately preceding stage) to N bits. The first and
second N-bit flash ADCs 810a, 8105 output first and second
digital output signal sets Dol, Do2, respectively, to the mul-
tiplexer 815. Other details of the N-bit flash ADCs 810a, 81056

can be as described above 1n connection with FIG. 6B.

The multiplexer 8135 1s configured to receive the first and
second digital output signal sets Dol, Do2, and selectively
output one of the signal sets Dol, Do2 in response to a first
control signal CT1 from the timing controller 850. The mul-
tiplexer 8135 provides the selected one of the signal sets Dol,
Do2 to the data controller 817.

The data controller 817 1s configured to receive the selected
signal set Dol or Do2 and output 1t to one of the first to third
capacitor blocks 820a-820c¢, 1n response to a second control
signal CT2 from the timing controller 850. The data control-
ler 817 serves to randomly select one of the first to third

capacitor blocks 820a-820c¢, and send the selected signal set
Dol or Do2 to the selected capacitor block 820a, 8205, or

820c.

In one embodiment, the data controller 817 1s configured to
select the capacitor blocks such that no capacitor block 1s
selected consecutively. For example, the data controller 817
may select the capacitor blocks 1n the following order:

first capacitor block 820a—second capacitor block

820b—third capacitor block 820c—second capacitor
block 8205—third capacitor block 820c—1irst capacitor
block 820a.

Each of the first to third capacitor blocks 820a-820c¢
includes first to n-th sub-capacitor blocks. Other details of the
capacitor blocks 820a-820c¢ can be as described above with
respect to the capacitor blocks 720a, 7205 1n connection with
FIG. 7A.

The timing controller 850 1s configured to control the
operations of the switches within the capacitor blocks 820a-
820c¢. The timing controller 850 can operate 1n response to an
ADC clock signal ADC CLK.

During the operation, the MDAC stage 800 may operate 1n
the same manner as that of the MDAC stage 700 of FIG. 7A,
as shown 1n FIG. 7B, except for the randomized use of the
capacitor blocks 820a-820c¢. In the MDAC stage of FIG. 7A,
cach of the tlash ADC 710a, 7105 has a capacitor block 720a,
7206 associated with 1t, and cannot use the other capacitor

block. In the embodiment of FIG. 8, the flash ADCs 7104,
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71056 are not associated with a particular capacitor block, but
can operate with any capacitor block other than the block used
in the previous cycle.

In the MDAC stage of FIG. 7A, 1t there 1s a difference in
capacitance between the first and second capacitor blocks
720a, 7200, the resulting output voltage Vout will have a
spurtous error ol frequency, due to the difference. For
example, the spurious error of frequency can be represented
by the formula below.

f(analog signal)+/—f(sample frequency)/2

In the formula, “f(signal)” represents the frequency of the
analog input signal, and “f(sample frequency)” represents the
frequency of the sample clock. The scheme described above
in connection with FIG. 8 can avoid such a problem by ran-
domly averaging out differences, if any, between the capaci-
tor blocks.

Referring to FIG. 9, an MDAC stage according to yet

another embodiment will be described below. The illustrated
MDAC stage 900 1s an N-bit MDAC stage which includes a

first N-bit flash ADC 9104, a second N-bit tlash ADC 9105, a
third N-bit flash ADC 910c¢, a multiplexer 915, a data control-
ler 917, a first capacitor block 9204, a second capacitor block
9205, a third capacitor block 920¢, a fourth capacitor block
920d, an amplifier 930, an amplifier capacitor Camp, a timing
controller 950, first and second output switches SWOA,
SWOB, and first to third nodes N1-N3. Details of the amplifier
930, the amplifier capacitor Camp, the output switches
SWOA, SWOB canbe as described above with respect to those
of the amplifier 730, the amplifier capacitor Camp, the output
switches SWO0A, SWO0B of FIG. 7A.

Each of the N-bit flash ADCs 910a-910c¢ serves to quantize
an mput analog voltage Vin (or a residue analog voltage from
an immediately preceding stage) to N bits. The first to third
N-bit flash ADCs 910a-910c¢ output first to third digital output
signal sets Dol-Do3, respectively, to the multiplexer 915.
Other details of each of the N-bit flash ADCs 910a-910¢ can
be as described above 1 connection with FIG. 6B.

The multiplexer 915 1s configured to receive the first to
third digital output signal sets Dol-Do3, and selectively out-
put one of the signal sets Dol-Do3 1n response to a first
control signal CT1 from the timing controller 950. The mul-
tiplexer 915 provides the selected one of the signal sets Dol -
Do3 to the data controller 917.

The data controller 917 1s configured to recerve the selected
signal set Dol, Do2, or Do3 and output 1t to one of the first to
tourth capacitor blocks 920a-920d, in response to a second
control signal CT2 from the timing controller 950. The data
controller 917 serves to randomly select one of the first to
fourth capacitor blocks 920a-920d, and send the selected
signal set Dol, Do2, or Do3 to the selected capacitor block
920a, 9205, 920¢, or 9204. As 1n the embodiment shown 1n
FIG. 8, the data controller 917 1s configured to randomly
select the capacitor blocks without selecting the same capaci-
tor block consecutively.

Each of the first to fourth capacitor blocks 920a-920d
includes first to n-th sub-capacitor blocks. Other details of the
capacitor blocks 920a-920d can be as described above with
respect to the capacitor blocks 820a-820¢ in connection with
FIG. 8.

The timing controller 950 i1s configured to control the
operations of the switches within the capacitor blocks 920a-
9204, the multiplexer 915, and the data controller 917. Other
details of the timing controller 950 can be as described above
with respect to the timing controller 850 1n connection with

FIG. 8.
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During the operation, the MDAC stage 900 may operate 1n
the same manner as that of the MDAC stage 800 of FIG. 8,

except that the first to third flash ADCs 910a-910c¢ alternately
provide the signal sets Dol-Do3 1n sequence, and that four
capacitor blocks, istead of three capacitor blocks, are pro-
vided for the randomized use of the capacitor blocks. The
scheme described above 1n connection with FIG. 9 can turther
reduce errors due to a difference between the capacitor
blocks.

Referring to FIG. 10A, an MDAC stage according to yet
another embodiment will be described below. The illustrated
MDAC stage 1000 1s an N-bit MDAC stage which includes a
first N-bit flash ADC 1010q, a second N-bit flash ADC 10105,
a first N-bit latch 1012a, a second N-bit latch 10125, a mul-
tiplexer 1015, a data controller 1017, a {irst capacitor block
1020a, a second capacitor block 102056, a third capacitor
block 1020¢, a fourth capacitor block 10204, an amplifier
1030, an amplifier capacitor Camp, a timing controller 10350,
first and second output switches SWOA, SWO0B, and first to
third nodes N1-N3. Details of the amplifier 1030, the ampli-
fier capacitor Camp, the output switches SW0A, SW0B can
be as described above with respect to those of the amplifier
730, the amplifier capacitor Camp, the output switches

SWOA, SWOB of FIG. 7A. Details of the capacitor blocks
10204-1020d, and the timing controller 1050 can be as
described above with respect to the capacitor blocks 920a-
9204, and the timing controller 950 of the MDAC stage 900 of
FIG. 9.

Each of the N-bit flash ADCs 1010a, 10105 serves to
quantize an mput analog voltage Vin (or a residue analog
voltage from an immediately preceding stage) to N bits. The
first N-bit flash ADC 1010aq outputs a first digital output
signal set Dol to the first N-bit latch 1012a. The second N-bit

flash ADC 10105 outputs a second digital output signal set
Do2 to the second N-bit latch 10125. Other details of each of

the N-bit flash ADCs 1010a, 10105 can be as described above
in connection with FIG. 6B.

The first N-bit latch 1012a 1s configured to receive the first
digital output signal set Dol from the first N-bit flash ADC
10104, and latches the first digital output signal set Dol. The
first N-bit latch 10124 provides the latched first digital output
signal set Dol to the multiplexer 1015 for a first time period
which can last, for example, at least part of a clock cycle. The
second N-bit latch 10125 1s configured to receive the second
digital output signal set Do2 from the second N-bit flash ADC
10105, and latches the second digital output signal set Do2.
The second N-bit latch 10125 provides the latched second
digital output signal set Do2 to the multiplexer 10135 for a
second time period which alternates with the first time period.
In one embodiment, each of the first and second latches
10124, 10125 can 1nclude a latched tlip-tlop.

The multiplexer 1015 1s configured to receive the first and
second digital output signal sets Dol, Do2 from the first and
second latches 1012a, 10125, and selectively output one of
the signal sets Dol, Do2 1n response to a first control signal
CT1 from the timing controller 1050. The multiplexer 1015
provides the selected one of the signal sets Dol, Do2 to the
data controller 1017.

The data controller 1017 1s configured to receirve the
selected signal set Dol, Do2 and output 1t to one of the first to
fourth capacitor blocks 10204-10204, 1n response to a second
control signal C'12 from the timing controller 1050. Other
details of the data controller 1017 can be as described above
with respect to the data controller 917 of FIG. 9.

Referring to FIG. 10B, the operation of the MDAC stage
1000 of FIG. 10A will be described below. Betore t0, an ADC
clock signal ADC CLK, a sample clock signal, and an MDAC
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clock signal are high. At t0, the ADC clock signal ADC CLK,
the sample clock signal, and the MDAC clock signal go low.
At101, the ADC clock signal ADC CLK and the MDAC clock
signal are still low, but the sample clock signal goes high. At
time 102, the MDAC clock signal goes high. At time t03, the
ADC clock signal ADC CLKgoes high. At time t1, the ADC
clock signal ADC CLK, the sample clock Slgnal and the
MDAC clock signal go low, completing one clock cycle. The
ADC clock signal ADC CLK, the sample clock signal, and the
MDAC clock signal repeat transitioming as described above.0

At t01 at which the sample clock goes high, the first flash
ADC 1010qa goes 1nto a sample phase to convert the input
voltage Vin (heremnatter, “Sample 17°) into a first digital signal
(hereinafter “Latch1-1"). In addition, the first capacitor block
10204 can be selected by the timing controller 1050, and go
into a sample phase by coupling to the first node N1. The first
capacitor block 1020a thus starts sampling the mput voltage
Vin (Sample 1) at t01. During a time period between t01 and
t1, the first flash ADC 1010a and the first capacitor block
1020a maintain the sample phase.

During a period between t1 and 121, the first flash ADC
1010a latches the first digital signal (Latch1-1). Attimet2, the
latched first digital signal (Latchl-1) 1s provided to the first
latch 1012a. The first latch 1012a latches the first digital
signal (hereinafter, “Latch2-1"") during a period between t2
and t3, and provides the first digital signal (Latch2-1) to the
first capacitor block 1020q for selecting a reference voltage.

At time t1, the first capacitor block 1020q 1s disconnected
from the first node N1. During a period between t1 and {2, the
first capacitor block 1020q holds the sampled mnput voltage
(Sample 1). During another period between 122 and t3, the
first capacitor block 1020a subtracts the selected reference
voltage from the sampled 1input voltage (Sample 1), and out-
puts a resulting residue voltage to the amplifier 1030. The
amplifier 1030 outputs the output voltage Vout based on the
Sample 1 during a period between 122 and t3 with a delay of
about 2 clock cycles.

While the first flash ADC 10104, the first latch 10124, and
the first capacitor block 1020a are performing the operation
described above, the second flash ADC 101054, the second
latch 10125, and the second capacitor block 10206 can per-
form an operation described below. At t11 at which the
sample clock goes high, the second tlash ADC 10105 goes
into a sample phase to convert the input voltage Vin (herein-
after, “Sample 2”) mto a second digital signal (hereinafter
“Latch1-2”). In addition, the second capacitor block 102056
can be selected by the timing controller 1050, and go into a
sample phase by coupling to the first node N1. The second
capacitor block 10205 thus starts sampling the mnput voltage
Vin (Sample 2) at t11. During a time period between t11 and
t2, the second flash ADC 10105 and the second capacitor
block 10205 maintain the sample phase.

During a period between 12 and t31, the second flash ADC
10105 latches the second digital signal (Latchl-2). At time t3,
the latched second digital signal (Latch1-2) 1s provided to the
second latch 10125. The second latch 10125 latches the sec-
ond digital signal (heremafter, “Latch2-2) during a period
between t3 and t4, and provides the second digital signal
(Latch2-2) to the second capacitor block 102056 for selecting
a reference voltage.

At time 12, the second capacitor block 10205 1s discon-
nected from the first node N1. During a period between 12 and
t3, the second capacitor block 10205 holds the sampled input
voltage (Sample 2). During another period between t32 and
t4, the second capacitor block 10205 subtracts the selected
reference voltage from the sampled input voltage (Sample 2),
and outputs a resulting residue voltage to the amplifier 1030.
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The amplifier 1030 outputs the output voltage Vout based on
the Sample 2 during a period between t32 and t4 with a delay
of about 2 clock cycles.

While the second flash ADC 101054, the second latch
10125, and the second capacitor block 10205 are performing
the operation described above, the first flash ADC 10104, the
first latch 1012a, and the third capacitor block 1020¢ can
perform another operation described below. At t21 at which
the sample clock goes high, the first flash ADC 1010a goes
into another sample phase to convert the input voltage Vin
(heremaftter, “Sample 3”) into a third digital signal (hereinai-
ter “Latch1-3"). In addition, the third capacitor block 1020c¢
can be selected by the timing controller 1050, and go 1nto a
sample phase by coupling to the first node N1. The third
capacitor block 1020c¢ thus starts sampling the input voltage
Vin (Sample 3) at time t21. During a time period between t21
and t3, the first flash ADC 1010q and the third capacitor block
1020¢ maintain the sample phase.

During a period between t3 and t41, the first flash ADC
10104 latches the third digital signal (Latch1-3). At time t4,
the latched first digital signal (Latch1-3) 1s provided to the
first latch 1012a. The first latch 1012q latches the third digital
signal (hereinafter, “Latch2-3”") during a period between t4
and t5, and provides the third digital signal (Latch2-3) to the
third capacitor block 1020c¢ for selecting a reference voltage.

At time t3, the third capacitor block 1020c¢ 1s disconnected
from the first node N1. During a period between t3 and t4, the
third capacitor block 1020¢ holds the sampled input voltage
(Sample 3). During another period between t42 and t5, the
third capacitor block 1020c¢ subtracts the selected reference
voltage from the sampled input voltage (Sample 3), and out-
puts a resulting residue voltage to the amplifier 1030. The
amplifier 1030 outputs the output voltage Vout based on the
Sample 3 during a period between t42 and t5 with a delay of
about 2 clock cycles.

While the first flash ADC 10104, the first latch 10124, and

the third capacitor block 1020¢ are performing the operation
described above, the second flash ADC 101054, the second
latch 101254, and a selected capacitor block can perform an
operation similar to the operations described above. The
selected capacitor block can be the first capacitor block 10204
or the fourth capacitor block 10204. Other details of the
operations of each of the components 1015, 1017, 1020a-
10204, 1030, 1050 can be as described earlier 1n connection
with FIGS. 7A-8.

In the description above, the first flash ADC 1010a oper-
ates with the first and third capacitor blocks 1020a, 1020c,
while the second flash ADC 10106 operates with the third
capacitor blocks 1010c. However, the timing controller 1050
and the data controller 1017 can randomly select any of the
capacitor block for either the first or second flash ADC 1010a,
10105 as long as a capacitor block 1s not selected twice within
three clock cycles. The random selection of capacitor blocks
can avoid a problem due to differences, i any, between the

capacitor blocks, as 1n the embodiments of FIGS. 8 and 9.
N-Bit MDAC Stage of a Pipelined ADC with a Dual-Latch

Flash ADC

Referring to FIGS. 11A-11D, an MDAC stage according to
another embodiment will be described below. The illustrated
MDAC stage 1100 1s an N-bit MDAC stage, which includes
an N-bit dual latch flash ADC 1110, a multiplexer 1115, a
capacitor block 1120, an amplifier 1130, an amplifier capaci-
tor Camp, an analog delay 1140, a first switch SW1, an output
switch SWO0, and first to third nodes N1-N3. Details of the
capacitor block 1120, the amplifier 1130, the amplifier
capacitor Camp, the analog delay 1140, the first switch SW1,
the output switch SW0, and the first to third nodes N1-N3 can
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be as described above with respect to those of the capacitor
block 620, the amplifier 630, the amplifier capacitor Camp,
the analog delay 640, the first switch SW1, the output switch
SWO0, and the first to third nodes N1-N3 of FIG. 6A.

The N-bit dual latch flash ADC 1110 serves to quantize an
input analog voltage Vin (or a residue analog voltage from an
immediately preceding stage) to N bits. N may be an integer
equal to or greater than 1, or optionally 1.5. The flash ADC
1110 can include n number of dual latch comparators. n may

be 2%, 2¥-1, or 2"¥-2, depending on the design of the ADC.
The N-bit dual latch flash ADC 1110 can alternately provide
first and second digital output signal sets Dol, Do2 1n

response to the input analog voltage Vin. Details of the N-bit
dual latch flash ADC 1110 will be described later in connec-

tion with FIGS. 11B-11D.

The multiplexer 11135 recerves the first and second digital
output signal sets Dol, Do2, and selectively outputs one of
the signal sets Dol, Do2 in response to a control signal and/or
a clock signal CLK. The multiplexer 1115 provides the
selected one of the signal sets Dol, Do2 to the capacitor block
1120 and a control and correction logic (not shown). Other
details of the multiplexer 1115 can be as described above with
respect to those of the multiplexer 615 of FIG. 6A.

FI1G. 11B illustrates one embodiment of an N-bit dual latch
flash ADC. The illustrated dual latch flash ADC 1110
includes first to n-th dual latch comparators 1111a-11117.
Each of the first to n-th comparators 1111a-1111# 1s config-
ured to recerve the mput analog voltage Vin, and to compare
the input analog voltage Vin with a respective one of reference
voltages to provide digital output signals Dla, D15, D2a,
D26, ..., Dia, Dib, . . ., Dna, and Dnb. In the 1llustrated
embodiment, the first to n-th dual latch comparators 1111a-
11117 outputs a first set of digital output signals Dla,
D2a,...,Dia,...,and Dnaduring a clock cycle, and a second
set of digital output signals D1b, D2b, Dib, . . . , and Dnb
during an immediately subsequent clock cycle.

Referring to FI1G. 11C, one embodiment of one of the dual
latch comparators of FIG. 11B will be described below. The
illustrated dual latch comparator 1111: 1s the 1-th dual latch
comparator of FIG. 11C, and the other dual latch comparators
1111a,11115, . . .,1111% can have the same configuration as
the 1-th dual latch comparator 1111:. In the illustrated
embodiment, the dual latch comparator 11117 can include a
pre-amplifier 1112, a demultiplexer 1113, a first latch 1114a,
and a second latch 11145.

The pre-amplifier 1112 1s configured to receive the input
analog voltage Vin and an 1-th reference voltage V... The
pre-amplifier 1112 1s further configured to amplity the volt-
ages Vin, V... and provide the amplified voltages Vin, V...
to the demultiplexer 1113.

The demultiplexer 1113 1s configured to provide the ampli-
fied voltages Vin, V..., alternately to either the first latch
1114a or the second latch 11145, 1n response to a demulti-
plexer control signal C,., ., For example, the demulti-
plexer 1113 can provide the amplified voltages Vin, V5 - 10
the first latch 1114a during a clock cycle, and to the second
latch 11145 during an immediately subsequent clock cycle.

Each of the first and second latches 1114a, 111454 1s con-
figured to compare the amplified input analog voltage Vin
with the 1-th reference voltage V..., and hold the compari-
son result, thereby outputting a digital output signal Dia or
Dib.

Referring to FI1G. 11D, one example of a circuit for the dual
latch comparator 1111; of FIG. 11C will be described below.
The 1llustrated circuit 1111 includes a pre-amplifier 1112, a
first latch 11144, a second latch 111454, and a current mirror
and demultiplexer 1115. Details of the pre-amplifier 1112 can
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be as described above with respect to the pre-amplifier 310 of
FI1G. 3B. In addition, details of each of the first and second
latches 1114a, 11145 can be as described above with respect
to the latch 320 of FIG. 3B.

The current mirror and multiplexer 1115 serves to copy
currents from the pre-amplifier 1112, and provide the copied
currents alternately to the first or second latch 1114a, 11145.
A skilled artisan will appreciate that various configurations of
current mirrors and demultiplexers can be adapted for the
current mirror and demultiplexer 1115.

During operation, each of the gates of the first and second
amplifier transistors ATR1, ATR2 of the pre-amplifier 1112
receives a respective one of the input analog voltage Vin and
a reference voltage. Depending on the levels of the input
analog voltage Vin and the reference voltage, the first and
second amplifier transistors ATR1, ATR2 allow first and sec-
ond amplifier currents 1_,, 1_, to flow therethrough. The first
and second amplifier currents1_,,1_, are copied and provided
alternately to the first or second latch 1114a, 111456 by the
current mirror and demultiplexer 11135.

The first and second latches 1114a, 11145 alternately com-
pare the input analog voltage Vin with the reference voltage,
and hold the comparison results in response to a clock signal
CLK, thereby outputting first or second digital output signals
Vorrrs Yorrrs OrY orms Y orms,. FOr example, the first latch
1114a can compare the mput analog voltage Vin with the
reference voltage, and latch the comparison result during a
clock cycle, while the second latch 11145 can compare the
input analog voltage Vin with the reference voltage, and latch
the comparison result during an immediately subsequent
clock cycle. Other details of the operation of each of the first
and second latches 1114a, 11145 can be as described above
with respect to the latch 320 of FIG. 3B.

The overall operation of the N-bit MDAC stage 1100 of
FIG. 11A can be substantially the same as the operation of the
MDAC stage 600 of FIG. 6A, except that a dual latch flash
ADC 1s used mstead of two flash ADCs. Thus, a skilled
artisan will readily appreciate that the timing diagram of FIG.
5B can apply to the operation of the N-bit MDAC 1100 of
FIG. 11A.

Retferring to FIG. 12, another embodiment of an N-bit
MDAC stage 1200 will be described below. The illustrated
MDAC 1200 1s an N-bit MDAC which includes an N-bit dual
latch flash ADC 1210, a first capacitor block 12204, a second
capacitor block 12205, an amplifier 1230, an amplifier

capacitor Camp, a timing controller 1250, first and second
output switches SWOA, SWO0B, and first to third nodes

N1-N3. Details of the first capacitor block 1220a, the second
capacitor block 12205, the amplifier 1230, the amplifier
capacitor Camp, the output switches SWOA, SWOB can be as
described above with respect to those of the first capacitor
block 720a, the second capacitor block 7205, the amplifier
730, the amplifier capacitor Camp, the output switches
SWOA, SWOB of FIG. 7A. Further, details of the N-bit dual
latch flash ADC 1210 can be as described above with respect
to the N-bit dual latch flash ADC 1110 1n connection with
FIGS. 11A-11D.

The overall operation of the N-bit MDAC stage 1200 of
FIG. 12 can be substantially the same as the operation of the
MDAC stage 700 of FIG. 7A, except that a dual latch flash
ADC 1s used 1instead of two tlash ADCs. Thus, a skilled
artisan will readily appreciate that the timing diagram of FIG.
7B can apply to the operation of the N-bit MDAC 1200.

In another embodiment, an N-bit MDAC stage can include
the same configuration as that of the MDAC stage 800 of FI1G.
8 except that the two tflash ADCs 810a, 8105 are replaced with
a single dual latch flash ADC that was described earlier 1n
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connection with FIGS. 11A-11D. The overall operation of
such an MDAC stage can be substantially the same as the
operation of the MDAC stage 800 of FI1G. 8, except that a dual
latch tflash ADC 1s used instead of two tlash ADCs.

In yet another embodiment, an N-bit MDAC stage can
include the same configuration as that of the MDAC stage 900
of FIG. 9 except that the three flash ADCs 910a-910c¢ are
replaced with a single multiple latch flash ADC. The multiple
latch flash ADC can include a plurality of multiple latch
comparators, each of which includes a single pre-amplifier, a
demultiplexer, and multiple latches (for example, three
latches i used for the MDAC stage 900 of FIG. 9). The
configuration of the multiple latch comparator can be the
same as that of the dual latch comparator described above 1n
connection with FIGS. 11C and 11D except that more than
two latches are used, instead of two latches. The overall
operation ol such an MDAC stage can be substantially the
same as the operation of the MDAC stage 900 of FIG. 9,
except that a multiple latch flash ADC 1s used instead of three
flash ADC:s.

In yet another embodiment, an N-bit MDAC stage can
include the same configuration as that of the MDAC stage
1000 of FIG. 10A except that the two flash ADCs 1010a,
101056 are replaced with a single dual latch tflash ADC that
was described earlier 1n connection with FIGS. 11A-11D.
The overall operation of such an MDAC stage can be sub-
stantially the same as the operation of the MDAC stage 1000
of FIG. 10 A, except that a dual latch flash ADC 1s used instead
of two tlash ADCs.

Applications

Pipelined ADCs employing the above described schemes
can be 1mplemented 1nto wvarious -electronic devices.
Examples of the electronic devices can include, but are not
limited to, consumer electronic products, parts of the con-
sumer electronic products, electronic test equipments, etc.
Examples of the electronic devices can also include memory
chips, memory modules, circuits of optical networks or other
communication networks, and disk driver circuits. The con-
sumer electronic products can include, but are not limited to,
a mobile phone, cellular base stations, a telephone, a televi-
s10n, a computer monitor, a computer, a hand-held computer,
a personal digital assistant (PDA), a microwave, a refrigera-
tor, a stereo system, a cassette recorder or player, a DVD
player, a CD player, a VCR, an MP3 player, a radio, a cam-
corder, a camera, a digital camera, a portable memory chip, a
washer, adryer, a washer/dryer, a copier, a facsimile machine,
a scanner, a multi functional peripheral device, a wrist watch,
a clock, etc. Further, the electronic device can include unfin-
ished products.

Although this mvention has been described in terms of
certain embodiments, other embodiments that are apparent to
those of ordinary skill 1n the art, including embodiments that
do not provide all of the features and advantages set forth
herein, are also within the scope of this invention. Moreover,
the various embodiments described above can be combined to
provide further embodiments. In addition, certain features
shown 1n the context of one embodiment can be incorporated
into other embodiments as well. Accordingly, the scope of the
present invention 1s defined only by reference to the appended
claims.

What 1s claimed 1s:

1. An apparatus comprising:

a pipelined analog-to-digital converter comprising a con-

trol and correction circuit; and

a plurality of multiplying digital-to-analog converter

(MDAC) stages coupled in cascade to one another,
wherein at least one of the MDAC stages comprises:

10

15

20

25

30

35

40

45

50

55

60

65

22

an MDAC iput configured to recetve an analog input
voltage; and

a dual latch flash analog-to-digital converter (ADC)
comprising one or more dual latch comparators, each
of the dual latch comparators being configured to

receive the MDAC mput and a respective one of dii-

ferent reference voltages, each of the dual latch com-

parators comprising:

a pre-amplifier having an input coupled to the MDAC
input and the respective one of different reference
voltages to provide a pre-amplified MDAC input
and a pre-amplified reference voltage, and an out-
put;

a demultiplexer having an input coupled to the output
of the pre-amplifier, a first output, and a second
output, wherein the demultiplexer 1s configured to
provide the pre-amplified MDAC input and the pre-
amplified reference voltage alternately via the first
or second output;

a first latch having an input coupled to the first output
of the demultiplexer, wherein the first latch 1s con-
figured to generate a first digital signal; and

a second latch having an input coupled to the second
output of the demultiplexer, wherein the second
latch 1s configured to generate a second digital sig-
nal,

wherein the first latch and the second latch alternate

analog-to-digital conversion in response to control
from the control and correction circuit.

2. The apparatus of claim 1, wherein the at least one of the

DAC stages further comprises:

a third latch configured to recerve and latch the first digital
signal from the first latch, and to output a first latched
digital signal; and

a fourth latch configured to recerve and latch the second
digital signal from the second latch, and to output a
second latched digital signal.

3. An apparatus comprising;:

a pipelined analog-to-digital converter comprising a con-
trol and correction circuit; and

a plurality of multiplying digital-to-analog converter
(MDAC) stages coupled in cascade to one another,
wherein at least one of the MDAC stages comprises:
an MDAC iput configured to recetve an analog input

voltage; and

a dual latch flash analog-to-digital ADC comprising one
or more dual latch comparators, at least one of the
dual latch comparators comprising:

a pre-amplifier having an input coupled to the MDAC
input, and an output;

a demultiplexer having an input coupled to the output
of the pre-amplifier, a first output, and a second
output;

a first latch having an input coupled to the first output
of the demultiplexer, wherein the first latch 1s con-
figured to generate a first digital signal; and

a second latch having an input coupled to the second
output of the demultiplexer, wherein the second
latch 1s configured to generate a second digital sig-
nal,

wherein the first latch and the second latch alternate
analog-to-digital conversion 1n response to control
from the control and correction circuit,

wherein the at least one of the MDAC stages further com-
Prises:

a delay circuit configured to delay the analog input voltage
to generate a delayed mput voltage;
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a capacitor block configured to sample and hold the
delayed input voltage, the capacitor block being further
configured to subtract a reference voltage from the
delayed input voltage to generate a residue signal; and

an amplifier configured to amplity the residue signal.

4. The apparatus of claim 3, wherein the at least one of the
MDAC stages further comprises one or more multiplexers
having inputs coupled to outputs of the first and second
latches, and wherein the one or more multiplexers are con-
figured to alternately provide the first and second digital
signals to the capacitor block for control of one or more
reference voltages for the capacitor block.

5. An apparatus comprising:

a pipelined analog-to-digital converter comprising a con-

trol and correction circuit; and

a plurality of multiplying digital-to-analog converter
(MDAC) stages coupled in cascade to one another,
wherein at least one of the MDAC stages comprises:
an MDAC 1put configured to recetve an analog input

voltage; and

a dual latch flash analog-to-digital converter (ADC)
comprising one or more dual latch comparators, at
least one of the dual latch comparators comprising:

a pre-amplifier having an iput coupled to the MDAC
input, and an output;

a demultiplexer having an input coupled to the output
of the pre-amplifier, a first output, and a second
output;

a first latch having an input coupled to the first output
of the demultiplexer, wherein the first latch 1s con-
figured to generate a first digital signal; and

a second latch having an mput coupled to the second
output of the demultiplexer, wherein the second
latch 1s configured to generate a second digital sig-
nal,

wherein the first latch and the second latch alternate
analog-to-digital conversion in response to control
from the control and correction circuit,

wherein the at least one of the MDAC stages further com-
prises:

a first capacitor block configured to sample and hold the
input voltage, the first capacitor block being further con-
figured to subtract a reference voltage from the input
voltage 1n response to the first digital signal to generate
a first residue signal;

a second capacitor block configured to sample and hold the
input voltage, the second capacitor block being further
coniigured to subtract a reference voltage from the input
voltage 1n response to the second digital signal to gen-
erate a second residue signal; and

an amplifier configured to alternately amplity the first and
second residue signals.

6. The apparatus of claim 5, wherein the at least one of the
MDAC stages further comprises a timing controller config-
ured to allow the first capacitor block to output the first
residue signal at least partly during a cycle or phase of a clock
signal, the timing controller being further configured to allow
the second capacitor block to output the second residue signal
at least partly during an alternate cycle or phase of the clock
signal.

7. An apparatus comprising:

a pipelined analog-to-digital converter comprising a con-

trol and correction circuit; and

a plurality of multiplying digital-to-analog converter
(MDAC) stages coupled in cascade to one another,
wherein at least one of the MDAC stages comprises:
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an MDAC iput configured to recetve an analog input
voltage; and

a dual latch flash analog-to-digital converter (ADC)
comprising one or more dual latch comparators, at
least one of the dual latch comparators comprising:

a pre-amplifier having an input coupled to the MDAC
input, and an output;

a demultiplexer having an input coupled to the output
of the pre-amplifier, a first output, and a second
output;

a first latch having an input coupled to the first output
of the demultiplexer, wherein the first latch 1s con-
figured to generate a first digital signal; and

a second latch having an input coupled to the second
output of the demultiplexer wherein the second
latch 1s configured to generate a second digital sig-
nal,

wherein the first latch and the second latch alternate
analog-to-digital conversion in response to control
from the control and correction circuit,

wherein the at least one of the MDAC stages further com-
Prises:

a first capacitor block configured to sample and hold the
input voltage, the first capacitor block being further con-
figured to subtract a reference voltage from the input
voltage 1n response to one of the first and second digital
signals to generate a first residue signal;

a second capacitor block configured to sample and hold the
input voltage, the second capacitor block being further
configured to subtract a reference voltage from the input
voltage 1n response to one of the first and second digital
signals to generate a second residue signal; and

a third capacitor block configured to sample and hold the
iput voltage, the third capacitor block being further
configured to subtract a reference voltage from the input
voltage 1n response to one of the first and second digital
signals to generate a third residue signal.

8. The apparatus of claim 7, wherein the at least one of the

MDAC stages further comprises:

a multiplexer having inputs coupled to outputs of the first
and second latches, the multiplexer being configured to
select one of the first and second digital signals; and

a data controller configured to select one of the first to third
capacitor blocks, and to pass the selected digital signal to
the selected capacitor block.

9. The apparatus of claim 8, wherein the multiplexer 1s
turther configured to alternately provide the first and second
digital signals, and wherein the data controller 1s configured
to randomly select one of the first to third capacitor blocks
such that no capacitor block 1s selected consecutively.

10. An apparatus comprising;:

a pipelined analog-to-digital converter comprising a con-
trol and correction circuit; and
a plurality of multiplying digital-to-analog converter
(MDAC) stages coupled in cascade to one another,
wherein at least one of the MDAC stages comprises:
an MDAC iput configured to recetve an analog input
voltage; and
a dual latch flash analog-to-digital converter (ADC)
comprising one or more dual latch comparators, at
least one of the dual latch comparators comprising:
a pre-amplifier having an input coupled to the MDAC
input, and an output;
a demultiplexer having an input coupled to the output
of the pre-amplifier, a first output, and a second
output;




US 7,965,217 B2

25

a first latch having an 1input coupled to the first output
of the demultiplexer, wherein the first latch 1s con-
figured to generate a first digital signal; and

a second latch having an mput coupled to the second
output of the demultiplexer, wherein the second
latch 1s configured to generate a second digital sig-

nal,
wherein the first latch and the second latch alternate
analog-to-digital conversion in response to control
from the control and correction circuait,
wherein the demultiplexer further has a third output,
wherein the at least one of the dual latch comparators
further comprises a third latch having an input coupled
to the third output of the demultiplexer, wherein the third
latch 1s configured to generate a third digital signal, and
wherein the first latch, the second latch, and the third
latch alternate analog-to-digital, conversion 1n response
to control from the control and correction circuit.

11. The apparatus of claim 10, wherein the at least one of
the MDAC stages further comprises:

a first capacitor block configured to sample and hold the
input voltage, the first capacitor block being further con-
figured to subtract a reference voltage from the mput
voltage 1n response to one of the first to third digital
signals to generate a first residue signal;

a second capacitor block configured to sample and hold the
input voltage, the second capacitor block being further
configured to subtract a reference voltage from the input
voltage 1n response to one of the first to third digital
signals to generate a second residue signal;

a third capacitor block configured to sample and hold the
input voltage, the third capacitor block being further
coniigured to subtract a reference voltage from the input
voltage 1n response to one of the first to third digital
signals to generate a third residue signal; and

a fourth capacitor block configured to sample and hold the
input voltage, the fourth capacitor block being further
configured to subtract a reference voltage from the input
voltage 1n response to one of the first to third digital
signals to generate a fourth residue signal.

12. The apparatus of claim 11, wherein the at least one of

the MDAC stages further comprises:

a multiplexer having inputs coupled to outputs of the first to
third latches, the multiplexer being configured to select
one of the first to third digital signals; and

a data controller configured to select one of the first to
fourth capacitor blocks, and to pass the selected digital
signal to the selected capacitor block.

13. The apparatus of claim 12, wherein the multiplexer 1s
turther configured to alternately provide the first to third
digital signals, and wherein the data controller 1s configured
to randomly select one of the first to fourth capacitor blocks
such that no capacitor block 1s selected consecutively.

14. An apparatus comprising:

a pipelined analog-to-digital converter comprising a con-

trol and correction circuit; and

a plurality of multiplying digital-to-analog converter
(MDAC) stages coupled in cascade to one another,
wherein at least one of the MDAC stages comprises:
an MDAC mput configured to recerve an analog input

voltage; and
a dual latch flash analog-to-digital converter (ADC)
comprising one or more dual latch comparators, at
least one of the dual latch comparators comprising:
a pre-amplifier having an iput coupled to the MDAC
input, and an output;
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a demultiplexer having an input coupled to the output
of the pre-amplifier, a first output, and a second
output;

a first latch having an input coupled to the first output
of the demultiplexer, wherein the first latch 1s con-
figured to generate a first digital signal; and

a second latch having an input coupled to the second
output of the demultiplexer, wherein the second
latch 1s configured to generate a second digital sig-
nal,

wherein the first latch and the second latch alternate
analog-to-digital conversion in response to control
from the control and correction circuit,

wherein the at least one of the MDAC stages further com-
prises:

a third latch configured to receirve and latch the first
digital signal from the first latch, and to output a first
latched digital signal; and

a fourth latch configured to receive and latch the second
digital signal from the second latch, and to output a
second latched digital signal,

wherein the at least one of the MDAC stages further com-
prises:

a first capacitor block configured to sample and hold the
input voltage, the first capacitor block being turther con-
figured to subtract a reference voltage from the mnput
voltage 1n response to one of the first and second latched
digital signals to generate a first residue signal;

a second capacitor block configured to sample and hold the
input voltage, the second capacitor block being turther
configured to subtract a reference voltage from the input
voltage in response to one of the first and second latched
digital signals to generate a second residue signal;

a third capacitor block configured to sample and hold the
iput voltage, the third capacitor block being further
coniigured to subtract a reference voltage from the input
voltage in response to one of the first and second latched
digital signals to generate a third residue signal; and

a Tourth capacitor block configured to sample and hold the
input voltage, the fourth capacitor block being further
configured to subtract a reference voltage from the input
voltage 1n response to one of the first and second latched
digital signals to generate a fourth residue signal.

15. The apparatus of claim 14, wherein the at least one of

the MDAC stages further comprises:

a multiplexer having 1inputs coupled to outputs of the third
and fourth latches, the multiplexer being configured to
select one of the first and second latched digital signals;
and

a data controller configured to select one of the first to
fourth capacitor blocks, and to pass the selected digital
signal to the selected capacitor block.

16. The apparatus of claim 15, wherein the multiplexer 1s
turther configured to alternately provide the first and second
latched digital signals, and wherein the data controller 1s
configured to randomly select one of the first to fourth capaci-
tor blocks such that no capacitor block 1s selected consecu-
tively.

17. A method for pipelined analog-to-digital conversion,
the method comprising:

converting a first analog signal 1nto a digital signal;

converting the digital signal 1nto a second analog signal;

subtracting the second analog signal from the first analog
signal, thereby generating a residue signal; and
amplifying the residue signal;
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wherein converting the first analog signal comprises:
pre-amplifying, by a pre-amplifier of a flash ADC, the
first analog signal and a reference voltage to generate
a pre-amplified first analog signal and a pre-amplified
reference voltage;
providing, by a demultiplexer having a first output and a
second output, the pre-amplified first analog signal
and the pre-amplified reference voltage alternately
via the first output or the second output;
comparing, by a first comparator latch of the flash ADC,
the pre-amplified first analog signal with the pre-am-
plified reference voltage to generate a first digital
signal during at least part of a first phase or cycle of a
clock signal; and
comparing, by a second comparator latch of the flash
ADC, the pre-amplified first analog signal with the
pre-amplified reference voltage to generate a second
digital signal during at least part of a second phase or
cycle of a clock signal immediately subsequent to the
first phase or cycle.
18. The method of claim 17, turther comprising;:
latching, by a first latch external to the flash ADC, the first
digital signal to generate a first latched digital signal
during at least part of the second phase or cycle; and
latching, by a second latch external to the tlash ADC, the
second digital signal to generate a second latched digital
signal during at least part of a third phase or cycle of the
clock signal immediately subsequent to the second
phase or cycle.
19. A method for pipelined analog-to-digital conversion,
the method comprising;:
converting a first analog signal into a digital signal;
converting the digital signal into a second analog signal;
subtracting the second analog signal from the first analog
signal, thereby generating a residue signal; and
amplifying signal;
wherein converting the first analog signal comprises:
pre-amplifying, by a pre-amplifier of a flash ADC, the
first analog signal and a reference voltage;
comparing, by a first comparator latch of the tlash ADC,
the pre-amplified first analog signal with the pre-am-
plified reference voltage to generate a first digital
signal during at least part of a first phase or cycle of a
clock signal; and
comparing, by a second comparator latch of the flash
ADC, the pre-amplified first analog signal with the
pre-amplified reference voltage to generate a second
digital signal during at least part of a second phase or
cycle of a clock signal immediately subsequent to the
first phase or cycle;
wherein the method further comprises delaying the first
analog signal, and wherein converting the digital signal
into the second analog signal comprises converting the
delayed first analog signal into the second analog signal.
20. The method of claim 19, wherein converting the digital
signal comprises: providing the first digital signal to a capaci-
tor block during at least part of the first phase or cycle of the
clock signal; and providing the second digital signal to the
capacitor block during at least part of the second phase or
cycle of the clock signal.
21. A method for pipelined analog-to-digital conversion,
the method comprising:
converting a first analog signal into a digital signal;
converting the digital signal into a second analog signal;
subtracting the second analog signal from the first analog
signal, thereby generating a residue signal; and
amplifying the residue signal;
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wherein converting the first analog signal comprises:
pre-amplifying, by a pre-amplifier of a flash ADC, the
first analog signal and a reference voltage;
comparing, by a first comparator latch of the tlash ADC,
the pre-amplified first analog signal with the pre-am-
plified reference voltage to generate a first digital
signal during at least part of a first phase or cycle of a
clock signal; and
comparing, by a second comparator latch of the flash
ADC, the pre-amplified first analog signal with the
pre-amplified reference voltage to generate a second
digital signal during at least part of a second phase or
cycle of a clock signal immediately subsequent to the
first phase or cycle,
wherein converting the digital signal into the second ana-
log signal comprises:
connecting a {irst capacitor block to a first reference volt-
age at least partly 1n response to the first digital signal
during at least part of the first phase or cycle of the clock
signal; and
connecting a second capacitor block to a second reference
voltage at least partly in response to the second digital
signal during at least part of the second phase or cycle of
the clock signal.
22. A method for pipelined analog-to-digital conversion,
the method comprising:
converting a first analog signal 1nto a digital signal;
converting the digital signal 1nto a second analog signal;
subtracting the second analog signal from the first analog
signal, thereby generating a residue signal; and
amplifying the residue signal;
wherein converting the first analog signal comprises:
pre-ampliiying, by a pre-amplifier of a flash ADC, the
first analog signal and a reference voltage;
comparing, by a first comparator latch of the flash ADC,
the pre-amplified first analog signal with the pre-am-
plified reference voltage to generate a first digital
signal during at least part of a first phase or cycle of a
clock signal; and
comparing, by a second comparator latch of the tlash
ADC, the pre-amplified first analog signal with the
pre-amplified reference voltage to generate a second
digital signal during at least part of a second phase or
cycle of a clock signal immediately subsequent to the
first phase or cycle,
wherein the method further comprises:
selecting one of three or more capacitor blocks; and
randomly selecting another of the three or more capacitor
blocks,
wherein converting the digital signal into the second ana-
log signal comprises:
connecting the selected capacitor block to a first refer-
ence voltage at least partly 1n response to the first
digital signal; and
connecting the other randomly selected capacitor block
to a second reference voltage at least partly 1n
response to the second digital signal.
23. A method for pipelined analog-to-digital conversion,
the method comprising;:
converting a first analog signal 1nto a digital signal;
converting the digital signal 1nto a second analog signal;
subtracting the second analog signal from the first analog
signal, thereby generating a residue signal; and
amplifying the residue signal;
wherein converting the first analog signal comprises:
pre-amplitying, by a pre-amplifier of a flash ADC, the
first analog signal and a reference voltage;
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comparing, by a first comparator latch of the tlash ADC,
the pre-amplified first analog signal with the pre-am-
plified reference voltage to generate a first digital
signal during at least part of a first phase or cycle of a
clock signal; and
comparing, by a second comparator latch of the flash
ADC, the pre-amplified first analog signal with the
pre-amplified reference voltage to generate a second
digital signal during at least part of a second phase or
cycle of a clock signal immediately subsequent to the
first phase or cycle,
wherein converting the first analog signal further com-
prises: comparing, by a third comparator latch of the
flash ADC, the pre-amplified first analog signal with the
pre-amplified reference voltage to generate a third digi-
tal signal during at least part of a third phase or cycle of
a clock signal immediately subsequent to the second
phase or cycle.
24. The method of claim 23, further comprising;:
randomly selecting a first capacitor block from three or
more capacitor blocks;
randomly selecting a second capacitor block from the three
or more capacitor blocks; and
randomly selecting a third capacitor block from the three or
more capacitor blocks,
wherein none of the three or more capacitors 1s selected
consecutively, and
wherein converting the digital signal into the second ana-
log signal comprises:
connecting the first capacitor block to a first reference
voltage at least partly 1n response to the first digital
signal;
connecting the second capacitor block to a second ret-
erence voltage at least partly 1in response to the second
digital signal; and
connecting the third capacitor block to a third reference
voltage at least partly 1n response to the third digital
signal.
25. A method for pipelined analog-to-digital conversion,
the method comprising:
converting a first analog signal into a digital signal;
converting the digital signal into a second analog signal;
subtracting the second analog signal from the first analog
signal, thereby generating a residue signal; and
amplifying the residue signal;
wherein converting the first analog signal comprises:
pre-amplifying, by a pre-amplifier of a flash ADC, the
first analog signal and a reference voltage;
comparing, by a first comparator latch of the flash ADC,
the pre-amplified first analog signal with the pre-am-
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plified reference voltage to generate a first digital
signal during at least part of a first phase or cycle of a
clock signal; and

comparing, by a second comparator latch of the flash
ADC, the pre-amplified first analog signal with the
pre-amplified reference voltage to generate a second
digital signal during at least part of a second phase or
cycle of a clock signal immediately subsequent to the

first phase or cycle,
wherein the method further comprises latching, by a first

latch external to the flash ADC, the first digital signal to
generate a first latched digital signal during at least part
of the second phase or cycle; and
latching, by a second latch external to the flash ADC, the
second digital signal to generate a second latched digital
signal during at least part of a third phase or cycle of the
clock signal immediately subsequent to the second
phase or cycle,
wherein converting the first analog signal further com-
Prises:
comparing, by the first comparator latch of the flash ADC,
the pre-amplified first analog signal with the pre-ampli-
fied reference voltage to generate a third digital signal
during at least part of the third phase or cycle of a clock
signal; and
latching, by the first latch external to the flash ADC, the
third digital signal to generate a third latched digital
signal during at least part of a fourth phase or cycle of the
clock signal immediately subsequent to the third phase
or cycle.
26. The method of claim 235, further comprising:
randomly selecting a first capacitor block from three or
more capacitor blocks;
randomly selecting a second capacitor block from the three
or more capacitor blocks; and
randomly selecting a third capacitor block from the three or
more capacitor blocks,
wherein none of the three or more capacitors 1s selected
twice within three cycles or phases of a clock cycle, and
wherein converting the digital signal into the second ana-
log signal comprises:
connecting the first capacitor block to a first reference
voltage at least partly 1n response to the first latched
digital signal;
connecting the second capacitor block to a second ret-
erence voltage at least partly in response to the second
latched digital signal; and
connecting the third capacitor block to a third reference
voltage at least partly 1n response to the third latched
digital signal.
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